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Part  i. 


THE   CONDITIONS  WHICH    DETERMINE   THE   COMPOSI- 
TION  OF   ELECTRODEPOSITED   ALLOYS. 

By  SAMUEL  FIELD,  A.R.C.Sc. 

[A  Paper  read  before  the  Faraday  Society,  Tuesday,  January  18,  1910, 
Dr.  F.  MoLLWo  Perkin,  Treasurer,  in  the  Chair.) 

*  PART   II.— SILVER-COPPER. 

Preliminary  Notes. — Pursuing  the  study  of  the  effect  of  varying  conditions 
upon  the  composition  of  electrodeposited  alloys,  the  metals  silver  and 
copper  were  next  selected.  Both  of  these  metals  are  electro-negative  as 
compared  with  zinc,  and  it  might  be  anticipated  that  the  deposition  of  the 
two  metals  together  would  proceed  normally  in  a  cyanide  solution. 

According  to  Gore,  copper  is  +  to  silver  in  most  solutions,  except  in  the 
case  of  hydrofluoric  acid  and  ammonia  solutions,  which  provide  exceptions. 
In  any  case  the  two  metals  are  close  together  in  the  electrochemical  series, 
and  in  most  lists  containing  only  the  more  common  metals,  silver  and 
copper  are  contiguous.  According  to  Ostwald  the  P.D.'s  between  the  metals 
and  normal  solutions  of  their  salts  are  as  follows  : — 


Cu 
Ag 


—  o'6o  volt 

—  I'OI     ,, 


These  solutions,  however,  are  not  necessarily  equivalent  in  respect  to  ions,  as 
of  the  two  classes  of  salt,  those  of  silver  are  more  freely  dissociated. 

The  percentages  dissociated  as  calculated  from  Kohlrausch's  results  on 
equivalent  conductance  are  as  follows  : — 


N. 

N 
10 

N 
20 

N 
100 

AgN03     ... 

CUSO4      ... 

58-3 
23 

81-3 
39"2 

857 

45-6 

93 
64-0 

*  For   Part   I.    of   this   Paper,   see  Vol.   V.  of   the   Transactions,  p.   172,  Sep- 
tember, 1909. 
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In   cyanide   solutions,  however,  there  are  in   any   case   relatively  small 

amounts  of  the  metal  ions.     Thus  it  has  been  shown  that  in  a  —  solution  of 

20 

AgCN  •  KCN    dissociation  into    Ag(CN)3-  and    K'  is    practically    complete. 

Further,  dissociation  of  the  complex  ion  to  AgCN  and  CN  has  occurred 

to  the  extent  of  276  x  10-3  gram  molecules,  or  about  5-5  per  cent,  of  the 

whole,  while  complete  dissociation  of  AgCN  to  Ag+  and  CN-  has  taken  place 

to  only  the  very  limited  extent  of  3-65  x  10-"  gram  molecules,  yielding  4  x  lo-^ 

gram  of  silver  ions  per  litre.     Compared  with  this,  we  have  —  AgNO,,  which 

20  ^ 

is  dissociated  to  the  extent  of  857  per  cent.,  and  hence — 


N 
Ag-  in  —  AgNOj 

Ag-  in  —  AgCN  •  KCN 
20 


857^io8 
100       20 


4  X  10-9 


=  i-i6  X  io5. 


The  values  of  the  P.D.'s  of  copper  and  silver  in  potassium  cyanide  of 
various  concentrations  are,  according  to  Christie  "  : — 


N  •  KCN. 

N 

-  KCN. 

10 

N 

—  KCN. 
100 

N 

KCN. 
1,000 

Cu 

Ag 

o-8i 
0-33 

0'62 
0-15 

0-37 
—  0-05 

o-i6 
—  0-36 

The  differences  in  these  figures  are  not  of  a  regular  order,  and  from  them 
we  could  barely  justify  any  conclusion  concerning  the  effect  of  excess  of 
KCN  on  the  relative  ease  of  deposition  of  the  two  metals. 

Experimental. — The  method  followed  in  these  experiments  was  that 
adopted  in  the  copper-zinc  series,  the  deposits  from  the  mixed  cyanide 
solutions  being  quantitatively  examined. 

Preparation  of  Solution. — It  was  decided  to  use  a  solution  of  the  double 
cyanides  of  silver  and  copper  with  potassium  cyanide  containing  25  grams 
of  each  metal  per  litre.  The  silver  compound  was  prepared  by  treating 
40  grams  of  the  nitrate  with  KCN,  decanting,  and  washing  the  precipitated 
AgCN,  and  redissolving  in  KCN,  avoiding  an  excess  of  the  latter  substance. 
Into  this  solution  were  dissolved  61  grams  of  CuCN  •  KCN  (made  by  satu- 
rating the  ordinary  double  cyanide  with  copper  carbonate),  and  the  volume 
made  up  to  a  litre.  The  solution  thus  contains  the  two  metals  in  the 
proportion  of — 


25 


-7T  gram  equivalent  A^  :  7^^  gram  equivalent  Cu 
108  ^  1  o    52-5  *  ^ 

or  as — 

I  equivalent  of  silver  :  17  equivalent  of  copper. 

After  deposition  of  the  metals  it  was  intended  to  determine  the  percentage 
of  silver  as  chloride,  or,  where  the  copper  was  obviously  small,  to  filter  off  the 
silver  and  precipitate  the  copper  with  sulphuretted  hydrogen.  Following  out 
the  same  idea  as  with  the  copper-zinc  deposits,  an  approximate  estimate  of  the 
composition  of  the  deposit  may  be  obtained  from  the  ratio  (represented  R) 
of  its  weight  to  the  weight  of  copper  deposited  in  a  voltameter  in  series  with 
the  experiment.  These  values  for  a  number  of  alloys  are  given  in  Table  I. 
and  the  curve  shown  in  Fig.  i. 

*  -■Vmer.  Inst.  Mining  Eng.  Sept.,  1899, 
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Table  I. 


R. 

Per  Cent.  Ag. 

Per  Cent.  Cu. 

R. 

Per  Cent.  Ag. 

Per  Cent.  Cu. 

3-41 

100 

0 

2-39 

40 

60 

3-18 

90 

10 

2-28 

30 

70 

2-98 

80 

20 

2-i8 

20 

80 

2-82 

70 

30 

2-085 

10 

90 

2-65 

60 

40 

2'0 

0 

100 

2-52 

50 

50 

90    80    70    60      SILVER     ^^     '°      ^ 


10    20    30    40      COPPER      ^^    ^^    *^° 

Fig.  I. — Showing  Relation  of  K  and  Percentage  Composition. 

For  a  more  accurate  computation  the  following  equation  deduced  from  a 
general  case  may  be  used  : — 


Where- 


R-.= 


Percentage  of  silver  =;  -^  (R  —  2). 

weight  of  copper-silver  deposit 
weight  of  copper  deposited  in  voltameter 


The  expression,  however,  is  of  limited  application,  being  subject  to  the 
same  conditions  as  detailed  in  Part  I.  of  this  investigation. 
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Experiments  made  with  the  solution  above  mentioned  gave  the  following 
results  : — 

Temperature  of  solution  =  55°  C.     Solution — agitated. 

Anodes  —Silver  and  copper  plates. 

Cathode — Platinum  gauze  on  wire  frame  measuring  2^  in.  x  ih  in. 


Table  II. 

• 

Experiment. 

Current. 

Current 
Density. 

Anode  Efficiencies. 

R 

Copper. 

Silver. 

Total. 

I 
2 

3 

o'495 
I -01 

1-503 

21 
42 
63 

58-1 

55-5 

51-8 

45-2 
44-8 

50 

I03'3 
100-3 

IOI-8 

3-366 

3370 

,  3-397 

In  each  case  the  copper  anode  became  well  coated  with  silver. 

The  current  density  in  Experiment  3  is  far  in  excess  of  that  ordinarily 
employed  in  silver-plating,  and  was  therefore  not  exceeded  owing  to  the  very 
pulverulent  deposits  then  produced.  It  is  at  once  seen  that  the  high  values 
of  R  show  an  almost  pure  silver  deposit.  Analyses  of  these  deposits  showed 
that  when  the  silver  had  been  precipitated  with  hydrochloric  acid  and  filtered 
off,  only  a  very  faint  brown  colouration  was  produced  with  sulphuretted 
hydrogen,  this  colour  being  very  considerably  increased  by  the  addition  of  a 
copper  solution  containing  only  i  milligram  of  copper,  showing  the  almost 
entire  absence  of  copper  from  the  deposit.  The  difficulty  of  depositing 
copper  and  silver  together  in  a  cyanide  solution  thus  soon  became  apparent. 

Steps  were  then  taken  in  order  to  render  this  more  likely,  but,  in  brief,  it 
may  be  stated  that  no  success  in  the  simultaneous  deposition  of  silver  and 
copper  attended  the  following  modified  conditions  : — 

1.  Reduction  of  temperature. 

2.  Moderate  dilution  of  the  solution. 

3.  Use  of  an  insoluble  anode. 

4.  Increase  of  copper  content  until  in  the  proportion  of  i  equivalent 

of  Ag :  6  equivalents  of  Cu. 

5.  Addition  of  KCN  to  the  extent  of  30  grams  per  litre. 

In  order  to  find  a  solution  containing  the  metals  in  such  proportion  as 
would  admit  of  their  simultaneous  deposition  we  next  prepared  a  solution 
containing — 

I  gram  silver    ...  )         ,.^ 

'^  >  per  litre. 

20  grams  copper  )  ^ 


The  two  metals  are  thus  in  the  proportion  of  i  :  34  equivalents.  It  was  then 
proposed  to  deposit  out  the  silver  and  examine  each  deposit  until  copper  was 
found  to  occur.  The  results  obtained  are  interesting,  and  are  shown  in 
Table  III. 
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Cathode. 

Experiment. 

Weight  of 
Deposit. 

R. 

Silver  in 
Deposit. 

Per  Cent.  Ag. 

Per  Cent.  Cu. 

I 

0*3060 

3-20 

0-3060 

100 



2 

0-3196 

3-21 

0-3162 

98-4 

i-o6- 

3 

0-3005 

3-18 

0-2620 

87-3 

12-7 

4 

o-2i86 

2-17 

0-0567 

25*95 

74-05 

5 

0-1971 

2-07 

0-0173 

8-80 

91-2 

6 

0-1968 
Total  silver 

1-95 
depositee 

0-0020 

i-oo 

99-0 

...   0-9602 

It  will  thus  be  seen  that  of  the  gram  of  silver  put  into  the  solution  only 
0-04  gram  remained  at  the  end  of  these  experiments.  Further,  it  is  not  until 
the  amount  of  silver  is  reduced  to  about  0-4  gram  per  litre  (at  end  of  Experi- 
ment 2)  that  the  two  metals  are  deposited  together,  and  if  the  content  of 
silver  falls  below  this  amount,  then  the  percentage  of  copper  increases  most 
rapidly. 

At  the  end  of  Experiment  2  the  silver  and  copper  are  present  in  the  pro- 
portion of  about  I  :  112  equivalents.  It  has  sometimes  been  suggested  that  a 
trace  of  copper  on  a  silver-plating  solution  is  harmful  in  producing  a  pink 
tint  on  the  deposit.  These  results  at  least  show  that  such  an  effect  is  quite 
an  impossibility.  It  is  also  obvious  that  in  order  to  study  the  deposition  of 
the  two  metals  under  anything  like  the  conditions  under  which  zinc  and 
copper  were  examined  the  following  conditions  must  be  aimed  at  : — 

1.  Solution  of  large  volume,  in  order  that  slight  alterations  in  actual  con- 
tent of  silver  will  make  only  inappreciable  differences  in  concentration  of 
that  metal. 

2.  The  solution  must  not  contain  more  than  about  0-4  gram  silver  per  litre. 

3.  The  silver  must  be  replaced  as  rapidly  as  it  is  deposited. 

To  attain  these  conditions  5  litres  of  the  following  solution  were  pre- 
pared : — 


Cu  [as  CuCN  -  KCN] 
Ag  [as  AgCNKCN] 


10     grams )         ,.. 
^  5-  per  litre, 

0-4  gram    )  ^ 


Table  IV. 


Per  Cent.  Silver  in 

. 

C  (calc). 

R 

Deposit. 

Per  Cent. 

Cu. 

Gale. 

Found. 

I 

0-2 

o-2c8 

1-55 

3-24 

92-5 

9975 

0-25 

2 

0-4 

0-397 

2-40 

3"34 

97-0 

99'3 

0-70 

3 

0-6 

0-600 

3-80 

2-94 

77-0 

79-8 

20-2 

4 

0-8 

0-804 

4'5o 

2-852 

72-1 

78-5 

21-5 

5 

i-o 

0-994 

5-35 

2-805 

69-3 

69*3 

307 

6 

1-25 

1-27 

6-10 

2-670 

6o-5 

63-1 

36-9 

7 

1-50 

1-48 

7-60 

2-469 

457 

48-6 

51*4 

The  emphasised  results  show  the  actual  determinations. 
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and  a  series  of  experiments  were  made  in  order  to  determine  the  effect  of 
current  density.  Each  experiment  consumed  only  about  o'l  ampere-hour. 
Silver  in  the  form  of  a  standard  solution  of  double  cyanide  was  added  at 
intervals  during  the  experiment,  so  that  the  variations  in  silver  content  should 
be  but  slight.  How  closely  this  was  attained  will  be  seen  from  the  following 
tables.  The  solution  was  kept  at  about  56°  C.  and  the  deposits  examined 
quantitatively.     The  results  given  in  Table  IV.  were  obtained. 

The  amounts  of  silver  deposited  and  added  in  each  experiment  are  shown 
in  Table  V. 


Table  V. 


Experiment. 

Silver. 

Deposited. 

Added. 

Difference. 

Difference  per  Litre. 

I 
2 
3 

4 

5 
6 

7 

0-3976 
0-3893 
0-2776 
0-2660 
0-2275 
0-2022 
0-1400 

0-4000 
0-3500 
0-3000 
0-2500 
O-20OO 
0-2000 
0-2000 

+  0-0024 

—  0-0369 

—  0-0145 

—  0-0305 

—  0-0580 

—  0-0602 

—  0-0002 

+  0-0005 

—  0-0074 

—  0-0029 

—  o-oo6i 

—  o-oii6 

—  0"0I20 
0-0000 

Total ... 

1-9002 

1-9000 

Thus  there  was  no  great  deviation  in  the  silver  content  of  the  solution. 

The  experiments  show  a  natural  increase  in  the  proportion  of  the  more 
positive  metal  with  higher  current  densities,  the  falling-off  in  the  percentage 
of  silver  being  shown  in  Fig.  2,  Curve  A. 

The  effect  of  free  cyanide  was  then  determined  in  a  similar  manner,  using 
the  same  solution,  to  which  potassium  cyanide  had  been  added,  (i)  to  the 
extent  of  10  grams  per  litre,  and  (2)  30  grams  per  litre.  The  results  obtained 
are  shown  in  Table  VI. 


Table  VI. 

Per  Cent.  Silver  in  Deposit. 

Current 

No  Free  KCN. 

I  Per  Cent.  KCN. 

3  Per  Cent.  KCN. 

0-2  amp. 

9975 

100 



0-3     » 

— 

— 

100 

0-4    „ 

99"3 

100 

— 

0-6     „ 

79-8 

90"S 

95-8 

0-8     „ 

78-5 

82-7 

86-3 

I'O     „ 

69-3 

76-1 

— 

1-25    „ 

63-1 

65-8 

75"2 

1-50  „ 

48-6 

58-2 

61-8 

Fig.  2 

Curve  A 

Curve  B 

Curve  C 
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These  results  are  plotted  in  Fig.  2,  and  show  that  the  effect  of  the  free 
cyanide  is  to  make  it  more  difficult  to  deposit  the  two  metals  together — 
a  result  previously  found  for  copper-zinc  alloys. 

The  effect  of  temperature  was  tested  in  the  solution  containing  free  cyanide 


•®    AMPERES  ''^ 


Fig.  2. — Showing  Variation  of  Composition  with  Current  Density  and  Additions 

of  Cyanide. 


(30  grams  per  litre).     The  results,  shown  in  Table  VII.  and  Fig.  3,  are  of  aa 
anticipated  order,  viz.,  more  of  the  positive  metal  at  the  lower  temperatures. 


Table  VII. 


Experiment. 

Temperature, 
°C. 

C(calc.). 

P.D. 

R. 

Per  Cent.  Ag 
in  Deposit. 

Per  Cent. 
Cu. 

I 

15 

0-51 

3-80 

2-303 

73-3 

26-7 

2 

25 

0*52 

6  JD 

2-340 

83-0 

17-0 

3 

37* 

o'5i5 

2-85 

2-512 

91-8 

8-2 

4 

50 

0-52 

2-62 

2-627 

98-9 

I-I 

It  must  be  recorded  that  throughout  the  whole  of  these  experiments  the 
deposits  have  been  qualitatively  poor.  In  most  cases  the  current  density 
has  been  unduly  high  for  the  deposition  of  silver,  but  though  the  deposits 
were  of  a  very  powdery  character,  yet  quantitatively  they  were  good 
except  in  the  case  of  the  solution  containing  a  large  amount  of  free  cyanide, 
or  where  a  high  current  density  had  been  used. 
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Summing  up  these  results,  then,  it  would  appear  that  while  copper  and 
silver  are  apparently  so  close  on  the  electrochemical  scale,  yet  the  difference 
between  them  is  very  marked.  This  is  well  known  in  the  case  of  such  salts 
as  sulphates  and  nitrates,  where  with  an  enormous  preponderance  of  copper 
in  the  solution  the  silver  can  be  deposited  out  with  barely  a  trace  of  copper 
at  moderate  current  densities.  The  same  conditions  obtain  also  for  copper 
and  zinc  in  their  sulphates  or  nitrates,  but,  whereas  copper  and  zinc  are 


100 

so 

-^ 

"^ 

ftO 

^ 

SILVER 

70 

^ 

.'^^ 

fiO 

z 

o 

or 

UJ 

a. 

:^o 

?o 

^ 

«fcK 

10 

^ 

COPPER 

1. 

3 

TEK 

3( 
1R  ° 

C 

4 

5 

6 

0 

Fig.  3. — Showing  Change  of  Composition  with  Varying  Temperatures. 

most  readily  deposited  together  from  solutions  of  their  double  cyanides,  there 
seem  to  be  only  very  narrow  limits  between  which  the  same  laws  apph'  to 
copper  and  silver.  In  both  examples,  however,  an  excess  of  potassium 
cyanide  renders  simultaneous  deposition  more  difficult. 

Electrochemical  Laboratory, 
Northampton  Polytechnic  Institute, 
Clerkenwell,  E.g. 
November  30,  1909. 


DISCUSSION. 


The  Chairman  said  he  also  had  seen  it  stated  that  traces  of  copper 
were  harmful  in  a  silver-plating  solution,  but  his  experience  of  the  electro- 
lytic separation  of  these  metals  led  him  to  agree  with  the  author  that  a  great 
preponderance  of  copper  had  to  be  present  in  solution  before  it  would 
deposit  along  with  the  silver,  at  any  rate  to  a  harmful  extent.  He  hoped  the 
author  would  continue  his  experiments,  and  would  try  the  copper-tin 
mixture,  as  this  was  of  considerable  practical  importance.  He  would  like  to 
ask  Mr.  Field  how  he  estimated  the  copper  in  the  alloy  when  only  small 
traces  of  it  were  present. 
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Mr.  Field,  in  reply,  said  that  other  experiments  were  being  conducted 
in  the  direction  indicated  by  Dr.  Perliin.  With  reference  to  the  estimation 
of  copper,  this  had  been  carried  out  by  precipitation  with  sulphuretted 
hydrogen  after  filtering  off  the  silver.  The  electrolytic  method  had  not  been 
applied  as  it  only  became  necessary  to  determine  the  copper  when  in  very 
small  quantity.  As  moreover  a  large  number  of  determinations  had  to  be 
made,  limited  electrolytic  apparatus  would  have  prevented  a  large  number 
being  carried  out  simultaneously. 


GAS-WASHING   BOTTLES  WITH   VERY   SLIGHT 
RESISTANCE   TO  THE    PASSAGE   OF  A   GAS. 

By   ALEXANDER   CHARLES  GUMMING,    D.Sc. 

(A  Paper  read  before  the  Faraday  Society,  Tuesday,  January  i8,  1910, 
Dr.  F.  MoLLWo  Perkin,  Treasurer,  in  the  Chair.) 

In  the  course  of  a  research  at  Birkbeck  College  it  was  desired  to  purify 
hydrogen  by  washing  with  a  number  of  different  liquids.     It  was  found  that 


Fig.  I. 


the  pressure  obtained  with  an  ordinary  Kipp's  apparatus  was  barely  sufficient 
to  drive  the  gas  through  two  Geissler's  bulbs.    Various  forms  of  apparatus 
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II 


were  tried,  but  in  all  cases  the  total  pressure  was  too  great,  so  that  it  became 
necessary  to  devise  forms  of  washers  in  which  the  resistance  was  reduced 
to  a  minimum.  As  these  may  be  useful  to  others,  the  three  most  convenient 
forms  are  described. 

Examination  of  an  ordinary  gas-washing  bottle  shows  it  to  be  most 
unscientific  in  principle.  Unless  a  large  resistance  pressure  is  to  be 
obtained,  the  amount  of  liquid  must  be  kept  small.  In  ordinary  use  the 
apparatus  is  filled  about  an  inch  above  the  inlet  tube.  This  leaves  a  large 
air  space  through  which  the  gas  must  be  passed  for  a  long  time  before  the 
air  is  completely  displaced  and  a  pure  supply  of  gas  obtained.  The  apparatus 
described  in  Fig.  i  is  a  simple  modification  of  an  ordinary  washing-bottle 
in  which  a  large  quantity  of  liquid  may  be  used  without  increase  in  the 
pressure.  A  short  tube  is  joined  to  the  inlet  tube,  and  the  end  bent  upwards 
as  shown  in  diagram  at  A.     The  apparatus  must  be  filled  above  the  side  tube. 


Fig.  2. 


The  gas  must  be  passed  in  at  such  a  rate  that  each  bubble  as  it  passes  up  the 
side-tube  A  carries  some  liquid  before  it.  There  is  thus  a  constant 
circulation  of  liquid  up  the  tube  B,  from  ithe  bottom,  and  out  through  A 
at  the  top. 

The  second  form,  shown  in  Fig.  2,  is  more  efficient  than  the  above, 
but  less  simple  to  make.  The  tube  A  should  be  of  about  5  mm.  internal 
diameter,  and  the  efficiency  of  the  washing  increases  with  the  length  of 
this  tube.  The  design  of  the  apparatus  is  sufficiently  explained  by  the 
diagram.  The  amount  of  liquid  in  the  apparatus  should  be  such  as  will  fill 
the  whole  of  the  lower  part  and  half  fill  the  tube  A.  The  gas  enters  by 
a  nozzle  at  C,  and  each  bubble  will  push  some  liquid  before  it,  so  that  there  is 
a  constant  circulation  of  liquid  in  the  direction  shown  by  the  arrows.  A 
large  amount  of  liquid  may  be  used  by  increasing  the  size  of  the  bulb  B, 
while  the  resistance  to  the  passage  of  gas  is  very  small  if  the  tube  A  is  kept 
in  an  almost  horizontal  position. 
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The  third  form  of  gas-washer  was  a  slight  modification  of  the  Richardson 
wash-bottle.  The  Richardson  pattern  is  probably  the  most  efficient 
practical  wash-bottle  obtainable,  but  in  its  usual  form  the  resistance  offered 
to  a  gas  is  considerable.  The  modified  apparatus  is  shown  in  Fig.  3.  In  the 
ordinary  form  the  gas  enters  by  a  nozzle  at  the  bottom  of  the  bulb,  but 
the  pressure  is  considerably  reduced  if  the  inlet-tube  A  is  prolonged  as 
shown   in   the   diagram.     If  at   the   commencement  of  an  experiment   the 


Fig.  3. 


tube  A  is  full  of  liquid,  it  is  necessary  to  apply  an  increased  pressure  to 
clear  the  tube  of  liquid.  This  may  usually  be  effected  by  sudden  squeezing 
of  one  of  the  rubber  connections. 

In  order  to  keep  the  resistance  low  the  diameters  of  the  tubes  at  B 
must  be  properly  adjusted.  It  was  found  that  suitable  sizes  for  these  three 
tubes  were  5,  12,  and  20  mm.  internal  diameter.  This  is  wider  than  is  usual. 
The  top  of  the  innermost  tube  should  be  cut  off  at  as  sharp  an  angle  as 
possible  to  prevent  the  cap  closing  the  opening. 

The  efficiency  of  the  apparatus  is  doubtless  somewhat  lessened  by  these 


RESISTANCE   TO   THE    PASSAGE   OF   A  GAS  13 

modifications,   but   it   still   remains   more  efficient   than  other  forms.     The 
resistance  is  greater  than  in  the  second  form  described. 

It  will  be  noticed  that  in  all  three  of  these  washers  the  dead  space  above 
the  liquid  is  kept  small,  and  that  in  each  case  there  is  a  constant  circulation 
of  the  liquid. 

Chemistry  Department, 

University  of  Edinburgh. 


STUDIES    ON    THE    ELECTRODEPOSITION    OF    METALS. 

By  FREDERICK   MOLLWO    PERKIN   and   WILLIAM    EARL 

HUGHES. 

{A  Paper  read  before  the  Faraday  Society,  Tuesday,  Jaunarv  i8,  1910.) 

In  the  following  note  it  is  proposed  to  give  a  short  account  of  an  extended 
series  of  experiments  carried  out  in  order  to  ascertain  the  most  efficient  form 
of  apparatus  for  the  electrodeposition  of  metals.  Part  I.  deals  with  the  form 
of  apparatus,  and  Part  II.  describes  how  the  apparatus  finally  adopted  can 
be  used,  not  only  most  efficiently  for  the  rapid  deposition  of  metals,  but  also 
to  obtain  single  electrode  potentials.  It  was  originally  our  intention  to 
publish  this  more  fully,  but  owing  to  unforeseen  circumstances  we  are  unable 
at  present  to  continue  it,  consequently  we  think  it  advisable  to  publish  a  short 
account  of  the  work  so  far  as  it  has  been  carried  out. 


Part  I. 

In  1906  one  of  us  described  "A  Simple  Form  of  Rotating  Electrode  for 
Electrochemical  Analysis ''  {Trans.  Faraday  Soc,  ii.  91).  It  con- 
sisted of  a  spiral  of  platinum  used  as  the  cathode  which  was 
rapidly  rotated  within  another  wider  spiral  of  stout  platinum 
wire  serving  as  anode.  For  small  quantities  of  metal  this  electrode 
yielded  very  good  results,  and  the  deposition  could  be  carried 
out  very  rapidly.  Further  experiment  showed,  however,  that 
when  large  quantities  of  metal  were  contained  in  the  solution 
there  was  a  tendency  for  the  deposit  to  be  powdery  and  non- 
adherent in  form.  It  was  supposed  that  this  was  due  to  the  high 
I  current  density  upon  the  outward  surface  of  the  electrode  and 
;^2^^  the  very  small  density  upon  the  inner  parts  of  the  spiral.  In 
fact,  the  bulk  of  the  metal  was  invariably  deposited  upon  the 
outer  surface  of  the  wire,  the  inner  surface  often  being  quite  free 
from  deposit. 

Experiments  were  therefore  instituted  with  a  view  to  finding 
a  more  serviceable  electrode,  and  for  a  time  the  form  illustrated 
in  Fig.  I.  was  adopted.  This  was  found  to  give  better  results 
than  any  other  forms  of  rotating  cathode,  and  it  also  had  the 
advantage  of  being  small  in  size.  The  electrode  consists  of  sheet 
platinum  spun  up  so  as  to  form  a  narrow  thimble,  the  upper  end 
being  open  and  having  a  stout  iridio-platinum  wire  fused  on  to  it 
by  means  of  three  short  wire  supports.  This  electrode  is  fixed  into  a  small 
chuck,  and  rapidly  rotated  by  means  of  an  electromotor,  the  speed  of  rotation 
usually  being  from  750-950  revolutions  per  minute.  When  in  use  about 
two-thirds  of  the  length  of  the  thimble  is  dipped  into  the  electrolyte,  the 
active  surface  being  about  i6'3  sq.  cm.  If  dipped  too  deeply  into  the 
solution  there  is  a  tendency  for  the  liquid  to  splash  into  the  interior  of 
the  cylinder,  and  this  would,  of  course,  lead  to  erroneous  results. 

i-t 


Fig.  I. 
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For  some  time  we  employed  an  anode  of  stout  platinum  wire  with  this 
thimble  cathode,  but  it  was  found  that  there  was  a  tendency  for  the  deposits 
to  be  mottled  and  streaky.  This  was  particularly  the  case  with  cobalt. 
With  this  metal  the  deposit  was  of  a  light  and  dark  velvety  appearance, 
although  absolutely  adherent.  The  dark  parts  on  the  cathode  followed  the 
direction  of  the  spiral  of  the  anode  wire.  We  therefore  substituted  a  cylinder 
of  platinum  gauze  of  very  fine  mesh  ;  with  this  a  practically  uniform  surface 
density  was  obtained  ;  the  only  place  where  it  was  somewhat  lower  was  on 
the  rounded  end  of  the  thimble,  but  as  the  rounding  off  is  gradual  there 
is  no  abrupt  change,  and  the  deposit  is  quite  adherent.  At  the  very  central 
point  of  the  end  there  is  practically  no  deposit  at  all. 

If  desired,  this  thimble  electrode  can  be  employed  as  anode,  in  which 
case  the  gauze  cjdinder  functions  as  cathode. 

With  the  thimble  electrode  as  cathode  the  following,  as  one  of  a  large 
number  of  determinations  for  cobalt,  will  serve  as  an  example.  The 
phosphate  solution  of  Perkin  and  Prebble  was  used  (Trans.  Faraday 
Soc,  i.  103)  : — 


Current  Density  per 
Sq.  Cm. 

E.M.F. 

(in  Volts). 

Revs,  per 
Minute. 

Time. 

Co  Present          Co  Found 
(in  Grm.).           (in  Grm.). 

0"02-0*l6 

4-2-8-9 

750-800 

10  min. 

0*03735            0-03740 

The  deposit  was  bright  and  metallic  and  satisfactory  in  every  respect 
from  an  electrochemical  point  of  view.  W^hen  the  metal  was  deposited  on 
the  gauze  electrode  even  more  satisfactory  results  were  obtained. 

Although  the  combination  of  rotating  thimble  anode  and  gauze  cathode 
was  very  satisfactory,  still  we  thought  that  possibly  better  results  might  be 
obtained  if  greater  agitation  of  the  electrode  could  be  secured,  and  this 
proved  to  be  the  case.  On  substituting  a  closely  wound  spiral  of  iridio- 
platinum  wire  for  the  thimble  electrode  a  much  greater  agitation  of  the 
electrolyte  was  obtained,  and  a  still  more  brilliant  deposit  on  the  gauze,  even 
with  very  high  current  densities. 

The  following  two  numbers  taken  at  random  from  a  large  number  of 
experiments  will  serve  to  illustrate  the  cases  : — 


Current  Density  per 
Sq.  Cm. 


I.   0"04-0'06-0'07 

II.  o*02-o'04-o'ii7 


E.M.F. 
(in  Volts). 


4'3-8-2 
4-4-8-6 


Time. 


10  mm. 

8     „ 


750-850 
750-850 


Co  Present 
(in  Grm.). 


0-03735 
0-03735 


Co  Found 
(in  Grm.). 


0-03730 
0-03725 


Larger  quantities  can  readily  be  deposited  in  approximately  the  same  space 
of  time.  It  is  the  last  traces  which  are  always  the  most  difficult  to  remove. 
This  apparatus  has  been  used  with  satisfactory  results  in  a  large  number  of 
determinations  of  different  metals  during  the  last  two  years. 

In  the  experiments  the  current  was  commenced  at  the  lower  number,  and 
then  within  2,  3,  or  5  minutes  raised  to  the  highest  as  indicated  by  the  index 
numbers. 

In  the  case  of  copper  the  following  numbers  were  obtained,  starting 
with  a  high  current.  The  actual  amount  of  copper  in  the  solution  was 
0-1265  grm.  : — 
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Current. 

Deposit. 

Time. 

Amp. 

Grm. 

Min. 

5 

0*1262 

14 

5 

0-I264 

10 

5 

0'1263 

30 

5 

0-1260 

10 

The  vessel  for  holding  the  electrolyte  was  the  funnel  employed  by  Price 
and  Judge,  and  also  by  Perkin  {Trans.  Faraday  Soc,  ii.  91).  For  use  in 
potential  measurements  we  modified  the  funnel  illustrated  in  Fig.  3  by  having 
a  side  tube  fused  into  it  at  about  the  centre. 

From  very  considerable  experience  with  various  kinds  of  rotating  elec- 
trodes we  consider  that  the  last  described  combination  of  anode  and  cathode 

is  very  efficient.  It  is 
especially  so  when  used 
with  the  glass  funnel, 
because  in  this  case  the 
removal  of  the  electro- 
lyte and  subsequent 
washing  of  the  deposit 
is  an  extremely  simple 
matter.  We  are  inclined 
to  think  that  it  is  better 
to  rotate  the  anode  and 
to  keep  the  cathode 
stationary.  This,  of 
course,  is  particularly  the 
case  when  potential 
measurements  are  to  be 
taken,  or  when  an  auxi- 
liary electrode  cell  is 
employed  to  graduate 
the  potential.  The  whole 
apparatus  with  the  elec- 
trodes and  side  tube  is 
then  exceedingly  simple, 
and  it  is  not  expensive. 


Fig.  2. 


The  modification  of  the  glass  funnel  for  potential  measurements  is  illus- 
trated in  Fig.  3,  and  consists  of  a  side  tube  fused  into  the  middle  of  the 
funnel.  The  capillary  end  of  the  auxiliary  electrode  cell  is  inserted  down 
this  tube  so  as  to  come  just  at  the  back  of  the  cathode.  The  small  tube  is 
bent  as  closely  as  possible  against  the  side  of  the  funnel  in  order  that  the 
capillary,  when  in  position,  may  come  as  near  as  possible  to  the  back  of  the 
cathode. 

Part  II. 

Anaiigemcni  of  Apparatus  for  Potential  Measurements. 

The  containing  vessel  for  the  electrolyte  was  illustrated  in  Fig.  4.  In  our 
experiments  this  was  combined  with  the  glass  cell  used  by  Dr.  Sand  {Trans. 
CJiem.  Soc,  1907,  373),  by  dipping  the  capillary  tube  of  the  latter  into  the  side 
tube  of  the  glass  funnel  as  illustrated  in  Fig.  4.     Dr.  Sand    in   making  his 
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measurements  employed  a  capillary  electrometer.  We,  on  the  other  hand,  have 
employed  a  potentiometer  with  a  mirror  galvanometer  ;  and  with  this  combina- 
tion we  were  able  to  obtain  concordant  results.  As  auxiliary  we  employed  the 

N 
Hg2S04  Y .  H,S04   cell,   the    e.m.f.   of    which,   according    to    Ostwald    and 

Luther,  is  o'956  volts.  Our  connecting  solution  consisted  of  10  N.  NH4NO3, 
which  is  practically  a  saturated  solution.  We  employed  this  solution  in 
preference  to  Na2S04  or  KCl,  because  Dr.  A.  C.  Gumming  {Trans.  Faraday 
Soc,  ii.  213)  states  that  its  use  gets  over  the  difficulty  of  liquid  contact 
potential. 

With  this  apparatus  we  have  carried  out  work  on  copper  and  cobalt ; 
using    as    electrolyte    10   c.c.    of   a    solution    of  CUSO4,   SH^O,  of    strength 


Fig.  4. 


0-075  fef  "1-  pel"  c.c,  and  40  c.c.  of  water,  we  obtained  a  break  at  approximately 
0-55  volts.  The  addition  of  i  c.c.  of  nitric  acid  (i'4  sp.  gr.)  lowered  the  e.m.f. 
at  the  cathode. 

In  the  case  of  cobalt  a  solution  of  the  double  salt  CoS04(NH4),S04,  6H,0 
was  used,  the  strength  of  the  solution  being  0-025  g^"'"-  P^r  c.c.  ;  10  c.c.  of  it 
were  taken,  and  then  40  c.c.  of  a  10  per  cent,  solution  of  NaHoP04,  ^"d 
I'S  c.c.  of  a  5  per  cent,  solution  of  H3PO4  were  added.  The  break  in  this 
case  occurred  at  about  0*2  volts. 

It  is  of  interest  to  note  that  with  very  low  potentials  cobalt  is  deposited 
as  oxide  upon  the  anode  and  not  as  metal  upon  the  cathode.  Possibly  this 
might  give  a  method  for  separating  this  metal  from  cobalt. 

Vol.  VI.     Part  i.  t  2 
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DISCUSSION. 

Dr.  H.  J.  S.  Sand  :  I  have  read  Dr.  Perkin's  and  Mr.  Hughes'  account  with 
interest.  As  the  experiments  purport  to  give  a  comparison  of  different  types 
of  apparatus  for  the  electrodeposition  of  metals,  it  seems  to  me  a  pity  that 
the  comparison  was  not  extended  to  the  electrodes  used  by  me  during  the 
last  four  or  five  years.  I  cannot  help  thinking  that  of  the  electrodes 
examined  by  the  authors,  the  form  which  was  ultimately  found  the  most 
suitable,  most  nearly  approaches  the  one  used  by  me,  and  that  if  the  investi- 
gation had  been  extended  to  the  latter,  a  further  improvement  would  have 
been  found.  It  seems  to  me  that  the  electrodes  of  Dr.  Perkin  and  Mr. 
Hughes  are  the  result  rather  of  trial  by  error  than  of  deliberate  design,  and 
that  they  are  inferior  to  mine  in  smallness  of  resistance  to  the  electrolyte  and 
stirring  efficiency,  and  are  also  less  readily  manipulated.  This  conclusion  is 
confirmed  by  the  fact  that  the  shortest  time  given  by  the  authors  for  a 
copper  deposition  is  about  twice  as  great  as  that  required  by  me.  Then, 
again,  the  fact  that  my  electrodes  are  used  with  ordinary  beakers  makes 
them  far  more  adaptable  to  varying  quantities  of  electrolyte,  and  allows  the 
latter  to  be  heated  quickly  and  safely  to  high  temperatures  when  desired. 
The  amount  of  wash-water  used  in  the  author's  arrangement  will,  I  should 
think,  be  about  five  to  ten  times  that  required  by  me,  and  this  is  an  important 
matter  where  several  metals  have  to  be  deposited  successively  from  the  same 
solution.  With  regard  to  the  use  of  a  concentrated  (NH4)  XO3  solution  as 
a  connecting  liquid,  I  may  mention  that  I  employed  this  solution  originally 
before  the  publication  of  Dr.  Cumming's  paper,  but  that  the  auxiliary 
electrode  was  on  one  occasion  found  to  give  completely  wrong  results, 
behaving  as  if  the  mercury  had  become  passive.  I  have  not  yet  found  time 
to  elucidate  this  fully,  but  have  since  then  discarded  the  (NHJ  NO3  solution, 
and  have  had  no  recurrence  of  the  experience.  A  certain  amount  of  caution 
is,  I  think,  desirable  with  regard  to  the  use  of  (NHJ  NO3. 

Mr.  S.  Field  {coiumunicatcd)  desired  to  ask  Dr.  Perkin  if  he  inferred  any 
connection  between  the  spiral  shape  of  the  anode  and  that  of  the  burnt 
deposit.  While  this  would  be  probable  if  the  cathode  cylinder  were 
stationary,  would  it  not  be  highly  improbable  when  rotated,  and  when,  there- 
fore, the  spiral  anode  relatively  became  a  cylinder  ? 

Dr.  F.  M.  Perkin  :  In  reply  to  Dr.  Sand,  the  paper  did  not  purport  to 
give  a  comparison  between  the  different  types  of  apparatus  for  the  electro- 
deposition  of  metals  by  various  authors,  otherwise  it  would  have  been  a  very 
long  one,  although  as  a  matter  of  fact  I  have  experimented  with  the  electrodes 
devised  by  a  considerable  number  of  authorities.  That  of  Dr.  Sand  I  have  not 
employed,  because  it  is  too  expensive.  Dr.  Sand  thinks  the  apparatus  are  the 
"  result  of  trial  by  error  "  and  are  not  deliberately  designed.  I  can  only  say- 
that  I  have  been  designing  rotating  electrodes  since  the  year  1900.  My  original 
rotating  electrode  was  worked  by  clockwork  and  rotated  about  eight  times  per 
minute.  The  anode  was  rotated  and  the  cathode  was  stationary.  Even  with 
this  slow  rotation  the  rate  of  deposition  was  reduced  by  one  half.  The 
apparatus  has  never  been  described,  but  I  believe  it  was  the  first  rotating 
electrode  ever  used  for  electro-analysis.  As  therefore  I  have  been  designing 
electrodes  for  ten  years  I  hardly  think  that  Dr.  Sand  can  say  the  electrodes 
were  not  designed.  Whether  or  no  the  electrodes  are  inferior  to  Dr.  Sand's 
I  am  unable  to  say,  at  any  rate  they  are  far  simpler  and  also  less  costly. 
Personally  I  prefer  the  tap  funnels  to  beakers,  and  there  is  no  difficulty 
in  raising  the  temperature  of  the  electrolyte  before  pouring  it  into  the 
funnel.  I  am  not  wedded  to  the  (NHJ  NO3  solution  as  connecting  liquid,  and 
if  I  found  it  unreliable  I  would  not  hesitate  to  discontinue  its  use. 
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By  F.  p.  BURT. 

(.4  Paper  read  before  the  Faraday  Society,  Tuesday,  January  i8,  1910, 
Dr.  F.  MoLLWo  Perkins,  Treasurer,  in  the  Chair.) 

[Communicated  by  Dr.  N.  T.  M.  Wilsmore.] 

The  determination  of  tlie  pv  isothermals  at  0°  C.  of  oxygen  and  hydrogen 
chloride  formed  part  of  an  investigation  carried  out  by  Dr.  Gray  and 
myself  on  the  atomic  weight  of  chlorine  {J.  C.  S.  Transactions,  1909,  95, 
1657).  The  results  obtained  were  satisfactory  in  spite  of  the  fact  that  neither 
of  these  gases  is  particularly  suitable  for  accurate  compressibility  measure- 
ments. For  some  unexplained  reason  no  investigator  has  obtained  very 
concordant  results  with  oxygen,  whilst  the  extremely  h)'groscopic  nature  of 
hydrogen  chloride  and  its  property  of  being  adsorbed  by  glass  surfaces  make 
it  a  difficult  gas  to  experiment  with. 

The  rare  gases  of  the  atmosphere,  because  of  their  chemical  inertness 
and  low  boiling-point,  should  afford  peculiarly  suitable  material  for  such 
measurements,  and  since  the  lie  of  their  isothermals  is  a  matter  of  consider- 
able interest  it  was  decided  to  investigate  them  in  the  same  apparatus.  The 
compressibility  of  helium  at  o°C.  between  i  and  o  atmospheres  has  been 
measured  by  Jaquerod  and  Scheuer  {Rechcrches  Physico-chiniiques  sur  les  Gaz., 
Mcmoires  de  la  Societe  de  Physique  ei  d'Histoire  Naturclle  dc  Geneve,  1908, 
35,  668).  They  obtained  a  coefficient  0^00048,  resembling  that  of  hydrogen, 
but  they  found  that  their  gas  contained  some  impurity  which  they  concluded 
to  be  argon.  Ramsay  and  Travers  {Phil.  Trans.,  1901,  197A.,  79)  made  pv 
measurements  of  helium  and  neon  between  pressures  of  21  and  77  metres  of 
mercury,  and  Kammerling  Onnes  has  recently  studied  the  behaviour  of 
helium  between  20  and  60  atmospheres. 

I  was  able  to  obtain  helium  and  neon  in  sufficient  quantity  and  in  a  high 
state  of  purity.  The  helium,  which  was  kindly  supplied  by  Sir  William 
Ramsay,  was  made  from  thorianite  and  after  passage  over  hot  copper  oxide 
was  treated  with  charcoal  cooled  in  liquid  air.  Spectroscopic  examination 
showed  no  detectable  impurity  in  the  resulting  gas.  The  neon  was  separated 
from  a  mixture  of  neon,  helium,  argon,  hydrogen  and  nitrogen  by  passage 
over  heated  magnesium,  calcium,  and  copper  oxide,  followed  by  repeated 
fractionation  from  cocoanut  charcoal  cooled  in  liquid  air.  With  the 
exception  of  helium  the  gas  so  treated  contained  no  impurities  ;  its  density 
was  found  to  be  o'897  at  o°C.,  corresponding  to  the  presence  of  o"5  per  cent, 
of  helium,  a  quantity  which  was  hardly  likely  to  affect  the  compressibility 
results. 

The  compressibility  apparatus  (Fig.  i)  consisted  essentially  of  a  bulb  A 
connected  by  means  of  capillary  tubing  with  a  previously  calibrated  dead- 
space  B,  and  a  manometer  C,  both  enclosed  in  a  water-bath.  The  effective 
volume  of  the  bulb  A  could  be  altered  by  the  introduction  or  withdrawal  of 

19 
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.  fu.  fa^  n      Pxa^  could  enter  the  dead-space  and  bulb  through  the 

"aTtubVc     The%«ssu"oTt.le  gas  in  the  bulb  L  obtained  by  measuring 

he  distance  ot  tlie  upper  meniscus  in  the  manometer  column  above  the 

i'^cr  menitcus  set  toT  glass  point  in  the  dead-space.    A  mt.hmetre  glass 


Fig.  I. 


scale  was  suspended  inside  the  bath  immediately  in  front  ot  the  manometer 
^lU'ind  rtelescope  atted  with^  HHger  "----/jremer  ^e 
'c^rrSrS  tlrr /coLa'rota-inl  bath  ot  ice  and  water.    A 
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fuller  description  of  the  apparatus  and  of  the  corrections  to  be  applied  to  the 
experimentally  determined  volume  and  pressure  values  may  be  found  in  the 
Chemical  Society  paper  already  referred  to.  The  tables  in  this  paper  give 
the  final  values  with  all  corrections  made. 

Before  the  introduction  of  the  gas  to  be  examined,  the  bulb  A,  which  had 
last  contained  hydrogen  chloride,  was  washed  out  with  dry  air,  exhausted  with 
a  mercury  pump,  and  finally  exposed  to  charcoal  cooled  in  liquid  air  for  five 
or  six  hours.  The  exhaustion  was  carried  out  through  the  tap  N,  the 
mercury  in  the  dead-space   being  taken  below  the   point  of   entry   of  the 


Fig. 


side-tube  G.  Clean,  dry  mercury  was  then  allowed  to  flow  into  the  vacuous 
bulb  from  the  reservoir  F  until  the  thread  stood  in  the  capillary  in  the 
neighbourhood  of  the  mark  E,  just  above  the  dead-space.  At  this  stage  the 
compressibility  apparatus  was  connected  with  the  gas-holder  containing  the 
helium  or  neon  (Fig.  2)  by  sealing  together  the  tubes  G,  G'.  The  pure,  dry 
gas  was  introduced  into  the  cylinder  H  through  the  capillary  U-tube  AT  in  the 
usual  way.  An  air-catch  L  protected  the  cylinder  from  any  leakage  at  the 
rubber  junction.  The  space  between  the  two  two-way  taps,  M  and  N,  was 
then  exhausted  by  means  of  a  pump  connected  with  the  T-tube  R,  which 
was  afterwards  sealed  off.  The  last  traces  of  gas  or  moisture  were  removed 
by  the  charcoal  bulb  S,  which  was  cooled  in  liquid  air.  The  upper  bore  of 
the  tap  M  was  exhausted  or  filled  with  mercury  before  the  apparatus  was 
set  up. 

By  a  suitable  manipulation  of  the  reservoirs  P  and  0  and  the  taps  M  and 
A''  gas  was  admitted  into  the  dead-space  to  atmospheric  pressure.  The 
mercury  meniscus  in  the  capillary  was  then  set  exactly  to  the  mark  E  above 
the  dead-space  by  means  of  the  tap  D.*     Mercury  was  next  run  out  of  the 

*  A  correction  had  to  be  made  for  the  variation  of  the  volume  of  the  bulb  as  the 
internal  pressure  varied.  This  was  previously  determined  and  the  results  expressed 
graphically  so  that  the  correction  for  any  pressure  could  be  read  from  a  curve. 
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bulb  A  into  a  weighed  bottle  X  until  the  effective  volume  of  the  bulb  was  of 
the  required  magnitude.  The  quantity  of  gas  in  the  bulb  and  dead-space  was 
afterwards  adjusted  so  that  when  the  mercury  meniscus  was  set  to  the  glass- 
point  the  pressure  was  of  the  order  desired.     As.  soon  as  the  initial  pressure 

Neox. 


p  (in  mm.). 

V  (in  c.c). 

pv. 

Smoothed  pv. 

I 

860-44 

68-502 

58,942 

58,944 

2 

811-58 

72-626 

58,942 

58,941 

3 

775-64 

75-987 

58,939 

58,938 

4 

740-87 

79-547 

58,934 

58,935 

5 

722-31 

81-589 

58,933 

58,934 

6 

703 '5 1 

83-770 

58,933 

58,932 

7 

618-65 

95-250 

58,926 

58,926 

8 

592-51 

99-449 

58,925 

58,923 

9 

564-00 

104-467 

58,919 

58,920 

ID 

533-95 

110-342 

58,917 

58,918 

II 

483-59 

121-835 

58,918 

58,914 

12 

438-30 

134-408 

58,911 

58,910 

13 

397-92 

148-036 

58,906 

58,907 

14 

361-69 

162-850 

58,901 

58,904 

15 

325-45 

180-977 

58,899 

58,901 

16 

288-69 

204-015 

58,897 

58,897 

17 

258-77 

227-599 

58,896 

58,895 

18 

231-67 

254-218 

58,895 

58,893 

19 

200-50 

293-762 

58,899 

58,891 

20 

170-29 

345-871 

58,898 

58,888 

21 

144-42 

407-848 

58,900 

58,886 

Helium. 


p  (in  mm.). 

V  (in  c.c). 

pv. 

Smoothed  pv. 

I 

837-63 

67-547 

56,579 

56,580 

2 

794-81 

71-191 

56,583 

56,580 

3 

761-56 

74-293 

56,579 

56,580 

4 

732-17 

77-278 

56,581 

56,580 

5 

613-09 

92-279 

56,575 

56,580 

6 

561-40 

100-777 

56,576 

56,580 

7 

520-37 

108-720 

56.575 

56,580 

8 

462-54 

122-320 

56,578 

56,580 

9 

409-38 

138-217 

56,583 

56,580 

10 

358-73 

157-720. 

56,579 

56,580 

II 

310-31 

182-341 

56,582 

56,580 

12 

269-81 

209-724 

56,586 

56,580 

13 

237-84 

237-895 

56,581 

56,580 

14 

199-61 

283-472 

56,584 

56,580 

15 

169-48 

333-881 

56,586 

56,580 

16 

147-16 

384-539 

56,589 

56,580 

of  the  imprisoned  gas  had  been  read  a  further  quantity  of  mercury  was  run 
out,  the  meniscus  adjusted  again  to  the  dead-space  point,  and  the  new 
pressure  determined.  When  the  pressure  in  the  bulb  fell  to  such  a  point 
that  mercury  would  no  longer  flow  from  the  tap  D,  a  filter  pump  was  attached 
to  the  side-tube  of  the  bottle  X.    The  volume  increments  were  determined 
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by  weighing  the  successive  quantities  of  mercury  run  out  and  the  products  of 
the   total   volume   and  corresponding  pressure   at   each  stage  were  plotted 


pv 


b8900 
90  - 


Fig  3 


Neon 


against  the  pressures.  At  the  end  of  the  following  tables  a  full  calculation  of 
a  single  pv  value  for  neon  (No.  17)  is  appended.  Figs.  3  and  4  represent 
diagrammatically  the  lie  of  the  neon  and  helium  isothermals. 


Calculation  of  Neon  pv,  No.  17. 
Volume  of  Gas. 

Volume  of  gas  in  bulb  at  previous  reading,  all  corrections  made 

except  dead-space  and  contraction  correction 
Weight  of  mercury  run  out,  320'6o9  gm. 
Correction  for  air  displacement  of  mercury,  +  o"028  gm. 

Increase  in  effective  volume  of  bulb,    — — i  ...         

13-5955 
Volume  of  dead-space,  1*275  ^.c. 

Temperature  of  gas  in  dead-space,  i4'4°  C. 

Volume  of  gas  in  dead-space  at  o"  C,     "^'7, — ^^^ 

°  287*4 

Contraction    of    volume    of    bulb    under    diminished     internal 
pressure,   viz.,    259   mm 

Total  volume     ... 


c.c. 
202*822 

=   23*584 
=      1*211 


227*599 


Distance  from  mercury 
meniscus  set  to  point 
in  dead-space  to  scale 
line  5  above  it 


Pressure  of  Gas. 

'Micrometer  Readings.        Millimetre. 


...    70,  71,  70,  70,  69     ... 

mean  70 
(128  micro-divs.  =  i  mm.) 


0-55 


Scale  Readings. 


5*00  —  0*55  =  4*45 
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Distance  of  upper  menis- 

,  1     ,•  Micrometer 

CUS    below    scale-line  Readings.  Millimetre. 

264      ...         ...         ...  10,  10  ...     o-o8     , 

Uncorrected  manometric  height,  263'92  — 4-45 

Correction  for  total  error  in  scale,  — ^^ — 

960 


Scale  Readings. 

264  —  o'o8  =  263*92 
...     =259-47  mm. 

...       =4-0'OI2 
...       =:  — 0"028 


Correction  for  irregularity  of  scale  ruling  

Correction   for   contraction   of   scale   from    16°  C.    to 

14-45°  C.  =  i'55°  C.  =  0-000009  X  I  "55  X  259       :=  — 0-004 

Correction  of  observed  manometric  height  from  14-45°  C. 

too°C =— 0-68 

Corrected  pressure  ...     =258-77  mm. 

Therefore /i5v  =  258-77  x  227-599  =  58,896. 


In  the  case  of  both  gases  a  straight  line  could  be  drawn  through  the 
plotted  points,  the  deviations  being  well  within  the  limits  of  experimental 
error.  In  the  case  of  neon  the  agreement  between  the  observed  and 
smoothed  values  of  pv  was  surprisingly  good,  the  greatest  discrepancy — 
neglecting  the  last  three  values — being  less  than  i  part  in  14,000. 

It  will  be  noted  that  the  last  three  values  of  the  neon  series  and  the  last 
one  or  two  of  the  helium  show  a  decided  jump  in  the  isothermal.  The  fact 
that  this  occurs  at  about  the  same  pressure  in  both  cases,  and  that  a  correc- 
tion of  about  the  same  order  would  bring  both  sets  of  points  into  line  suggests 


F.g  4 


pv 


Helium 


that  the  phenomenon  is  due  to  some  constant  error  which  conceals  the  true 
form  of  the  isothermal  in  this  region.  It  is  just  possible  that  there  was  some 
slight  distortion  in  the  manometer  tube,  as  these  readings  were  made  not  far 
above  the  point  where  the  glass  was  drawn  out  (see  Fig.  i).  For  these 
reasons,  in  extrapolating  to  zero  pressure  to  iind  the  value  of  paVo  for  neon, 
the  last  three  points  have  been  given  no  weight. 

The  values  of  poVo  and  p^Vj  were  taken  from  the  smoothed  graph  and  found 
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to  be  58,875  and  58,937  respectively  ;  therefore  the  compressibility  coefficient 
between  i  and  o  atmospheres — 

_  A  I  _  /'.t/.-Mo        58,937  —  58,875  ^.^,^^ 

Neon,  like  hydrogen,  is  plus  que  parfait  at  0°  C,  but  the  coefficient  is  nearly 
twice  as  great. 

The  lie  of  the  helium  isothermal  is  rather  astonishing.  The  only  possible 
straight  line  that  can  be  drawn  through  the  points  is  one  parallel  to  the 
pressure  axis,  so  that  the  compressibility  coefficient  between  i  and  o  atmo- 
spheres is  apparently  o.  From  the  critical  temperature  one  would  have 
expected  the  isothermal  at  0°  C.  to  slope  towards  the  pressure  axis  as  the 
pressure  diminished  like  those  of  hydrogen  and  neon.  The  comparatively 
large  number  of  readings  (sixteen)  and  their  satisfactory  agreement  makes 
one  disinclined  to  suspect  experimental  errors,  and  further,  it  is  extremely 
improbable  that  any  constant  error  would  affect  the  values  in  such  a  way  as 
to  make  them  all  the  same.  The  helium  was  carefully  examined  again  after 
the  measurements  had  been  made,  and  no  trace  of  impurity  could  be  detected 
spectroscopically.  Experimental  determination  of  helium  isothermals  at 
temperatures  above  and  below  0°  C.  would  be  interesting,  and  might 
establish  the  correctness  or  incorrectness  of  the  above  results. 

In  conclusion,  I  wish  to  thank  Professor  Collie  and  Mr.  H.  E.  Watson  for 
their  kindness  in  placing  at  my  disposal  specimens  of  the  two  gases  which 
they  had  recently  purilied  in  quantity  for  density  determinations. 

University  College, 
London. 


DISCUSSION. 

Professor  Alfred  "W.  Porter  :  Attention  may  be  called  to  the  relation 
between  Mr.  Burt's  curve  for  helium  and  the  deductions  that  can  be  drawn 
from  van  der  Waal's  equation  of  state.  According  to  this  equation  the  curve 
obtained  by  plotting  pv  against  p  can  only  start  out  horizontally  when  the 
temperature  is  27/8  times  the  critical  temperature.  Now  the  temperature  of 
Mr.  Burt's  experiments  was  more  nearly  lifty-four  times  the  critical,  and  at 
this  temperature  an  upward  slope  would  have  been  expected.  In  reality 
there  is  a  very  slight  downward  slope  ;  that  is,  the  values  at  low-pressures  are 
slightly  greater  than  those  for  higher  pressures. 

This  can  be  seen  best  by  dividing  the  results  into  groups  of  four  and 
taking  the  mean  of  each  group. 

Again  the  equation  and  these  experiments  cannot  be  reconciled  by 
supposing  that  for  the  pressure  at  which  the  observations  began  the  curve 
may  have  already  passed  through  a  summit  and  begun  to  descend  ;  for, 
according  to  the  equation,  no  summit  exists. 

It  may  be  added  that  similar  remarks  apply  if  we  consider  Dieterici's 

equation,  p  iv  —  b)  =  RT  Exp.  (  —  5Tp-)-     The  isothermal,  which  starts  out 

horizontally  according  to  this  equation,  is  for  a  temperature  of  2*52  times  the 
critical  value.  It  should  also  be  observed  that  the  curve  for  neon  does  slope 
upwards  as  both  of  these  equations  require  in  its  case  also.  It  appears  then 
that,  at  ordinary  temperature,  helium  behaves  like  a  gas  with  a  much  higher 
critical  temperature  than  it  really  possesses. 
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Mr.  F.  P.  Burt  {in  reply)  :  Professor  Porter's  contention  that  the  pv 
isothermal  for  helium  should  actually  be  plotted  with  a  slight  slope  according 
to  the  values  obtained  implies  an  alteration  which  really  lies  beyond  the 
limits  of  experimental  accuracy. 

It  is  difficult  to  suggest  any  explanation  for  the  anomalous  behaviour  of 
this  gas.  Under  the  bombardment  of  kathode  radiation  or  a  particles  from 
radium  emanation  helium  goes  into  glass,  and  it  is  just  possible  that  this 
phenomenon  might  occur  to  some  extent  spontaneously. 

If  one  assumes  that  gas  entered  the  walls  of  the  bulb  at  the  high  initial 
pressure  and  gradually  came  out  again  as  the  pressure  fell,  the  lower  pressure 
pv  values  would  be  apparently  too  great. 

Contamination  of  the  results,  however,  by  any  such  cause,  would  have 
been  much  more  likely  to  yield  a  curved  isothermal  than  a  straight  line. 


A   GAS-PRESSURE   SPRAYER   WORKED  WITH 
ACETYLENE. 

By  E.  KILBURN  SCOTT,  M.Ixst.E.E. 

(Exhibited  before  the  Faraday  Society,  Tuesday,  January  i8,  1910, 
Dr.  F.  MoLLWo  Perkin,  Treasurer,  ///  tlie  Chair.) 

The  sprayer  which  the  writer  has  the  pleasure  of  bringing  to  the  notice 
of  members  is  the  invention  of  Mr.  W.  Tyree,  of  Sydney,  New  South  Wales. 

Although  only  introduced  about  five  years  ago,  there  are  already  about 
5,000  in  use  in  Australasia,  and  latterly  the  sales  have  increased  at  a  very 
rapid  rate. 

Australia  is  a  country  where  all  kinds  of  pests  run  riot,  and  the  spraying 
of  insecticides  is  the  regular  work  of  any  one  going  in  for  fruit  culture  or 
raising  stock.  The  Government  is  also  much  more  strict  than  ours,  so  that 
a  farmer  without  a  spraying  machine  is  a  rarity,  just  as  one  with  a  sprayer  is 
the  exception  here. 

Another  thing  which  has  assisted  the  gas-pressure  sprayer  to  get  such  a 


Fig.  I. 

foothold  is  higher  cost  of  labour  and  the  difficulty  in  obtaining  men  to  work 
hand  spraying  machines,  especially  in  summer. 

The  sprayer  exhibited  at  the  meeting  is  only  a  small  one  of  about 
5  gallons,  to  carry  about  in  the  hand,  and  useful  for  such  purposes  as 
spraying  small  fruit-trees,  whitewashing  outbuildings,  distempering  and 
kalsomining  rooms,  &c. 

For  work  on  a  large  scale  in  orchards,  or  for  painting  outside  walls, 
killing  prickly  pear,  tarring  roads,  &c.,  the  18  gallon  size  is  the  one  usually 
employed,  and  this  of  course  must  be  carried  on  some  kind  of  vehicle. 

Fig.  I  shows  the  general  construction,  and  it  will  be  seen  that  there  are 
two  cylinders  fastened  together,  the  large  one  containing  the  spraying 
emulsion  whilst  the  small  one  is  for  making  the  gas. 
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The  cylinders  are  made  of  plain  black  iron  very  closely  riveted  to  with- 
stand a  pressure  of  200  lbs.  per  square  inch.  Cylinders  of  copper  cannot  be 
used  because  the  copper  is  attacked  by  the  acetylene  gas. 

The  gas  is  led  into  the  large  cylinder  by  the  pipe  A,  and  the  emulsion 
leaves  by  pipe  B,  which  goes  nearly  to  the  bottom.  A  safety  valve  is 
provided  to  release  the  pressure  at  a  little  over  100  lbs. 

The  gas  generator  consists  of  two  cylinders,  the  inner  one  D  containing  a 
carbide  drawer  E.  The  space  between  the  inner  and  outer  cylinders  is  filled 
with  water,  and  a  small  pipe  D  with  tap  supplies  water  to  the  carbide. 

By  turning  on  this  small  tap,  water  can  be  made  to  drip  at  any  required 
rate  on  to  the  carbide,  so  as  to  give  any  make  of  gas  required.  A  small 
quantity  of  the  gas  goes  into  the  space  between  cylinders  C  and  D,  but  the 
bulk  of  it  passes  over  into  the  large  cyhnder. 

That  the  apparatus  is  a  safe  one  is  shown  by  the  fact  that  although  5,000 
are  in  use  there  have  been  no  accidents,  and  that  in  a  country  where  risks  to 
human  life  are  not  so  much  considered  as  here. 

Although  primarily  introduced  for  spraying  fruit-trees,  the  sprayers  are 
used  for  quite  a  large  number  of  purposes,  and  it  may  be  of  interest  to 
mention  some  of  them. 

The  Sydney  City  Council  has  used  them  for  spraying  turps  and  zinc  white 
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on  the  inside  of  feed  tanks  for  boilers.  These  are  now  done  in  half  an  hour, 
whereas  formerly  it  took  four  men  a  day,  and  they  were  then  very  unwell 
from  the  fumes  of  the  turps. 

The  Orient  Shipping  Company,  the  Union  Steamship  Company,  and 
various  other  shipping  companies,  use  them  for  spraying  disinfectants  in 
cabins,  alley  ways,  holds,  &c.,  also  for  painting.  After  the  wreck  of  the 
Mildura  two    sprayers  were    used  for    thoroughly   disinfecting   the    holds. 

For  suffocating  rabbits  wholesale  in  their  burrows,  the  machine  has 
proved  very  effective.  When  rabbits  are  killed  above  ground  they  have  to 
be  buried  or  burnt.  The  sprayer  method  saves  that,  and  anything  that  saves 
work  is  very  attractive  to  the  average  Australian. 

For  getting  rid  .of  parasites  on  cattle,  dipping  has  been  the  almost  uni- 
versal method,  but  many  breeders  of  horses  and  cattle  now  prefer  to  use 
the  spraying  machine.  They  find  the  fine  high-pressure  spray  much  more 
searching. 

The  miners  and  shearers  in  the  back  blocks  are  said  to  use  the  sprayer 
for  shower  and  needle  baths  when  there  is  any  spare  water. 

For  killing  prickly  pear  the  gas-pressure  sprayer  is  the  only  machine 
which  has  ever  come  anywhere  near  coping  with  that  terrible  Queensland 
pest.     Making  alcohol  from  the  pear  may  be  the  solution  in  future. 
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As  regards  cost  and  time  taken  to  spray  trees,  it  would  perhaps  be  well  to 
quote  some  of  the  orchardists'  own  reports  : — 

G.  W.  Green,  of  Woy  Woy,  New  South  Wales,  an  orchardist  of  fourteen 
years'  experience,  has  a  25-gallon  sprayer,  and  he  reports  tliat  for  six 
hours'  work  with  three  charges  using  11  lbs.  of  carbide  he  sprayed  200 
nine-year-old  trees. 

C.  P.  Scrivener,  of  Bell,  New  South  Wales,  reported  that  he  could  spray 
150  eight-year-old  trees  per  day,  and  do  the  work  with  less  labour  than 
the  old  methods,  the  cost  for  carbide  for  the  150  trees  being  one  shilling. 

The  sprayer  might  be  used  for  putting  out  fires,  but  care  would  have 
to  be  taken  to  turn  off  the  gas  directly  the  large  vessel  was  emptied  of  water. 
What  is  really  wanted  is  some  material  other  than  carbide  which  will  give 
off  a  non-flammable  gas.  With  this  the  sprayer  would  come  within  the 
English  regulations. 

In  conclusion,  it  may  be  of  interest  to  give  some  particulars  regarding 
cost  and  consumption,  &c.,  of  calcium  carbide  in  Australia. 

Five  years  ago  the  consumption  per  annum  was  only  just  over  2,000  tons, 
and  the  price  was  about  ;^i8  c.i.f.  Sydnej'.     In  four  years  the  consumption 
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rose  to  over  8,000  tons  and  the  price  gradually  went  down  until  last  year  it 
actually  touched  ;^io  los.  c.i.f.  Sydney,  which  is  below  cost.  This  year  it  is 
probable  that  over  10,000  tons  will  be  consumed,  and  the  price  is  now  over 
;^I2,  with  a  tendency  to  rise,  owing  to  the  trust. 

The  great  increase  in  carbide  consumption  is  undoubtedly  partly  due  to 
these  sprayers  coming  into  such  extensive  use.  Certainly  it  is  a  remarkable 
fact  that  a  country  with  four  millions  of  people  should  be  using  more  carbide 
than  this  country  with  forty  millions  of  people. 

A  proposal,  in  which  Mr.  Tyree  and  the  writer  are  interested,  has  been 
forward  for  some  time  to  manufacture  carbide  at  Cairns,  a  seacoast  town  in 
North  Queensland,  the  power  to  be  generated  at  the  Barron  Falls,  about 
nmeteen  miles  away,  where  a  head  of  about  1,000  ft.  is  available. 

The  Queensland  Government  wish  to  harness  the  Falls  themselves,  and 
their  offer  is  to  contract  to  supply  5,000  e.h.p.  at  r  1,000  volts  at  Cairns  for 
£2.  15s.  per  e.h.p.  year.  The  Government  has,  however,  made  certain 
stipulations  which  are  distinctly  unfavourable  to  the  investment  of  capital 
in  such  an  enterprise. 

The   writer    hopes    these    stipulations   may    be    modified,  and   if   they 
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are,  and  the  price  keeps  up  to    over    ;£i2,  then  there  is   every    prospect 
of  carbide  manufacture  at  Cairns  being  profitable. 

Barron  Falls  is  the  only  large  natural  high-head  water  power  on  the 
continent  of  Australia,  but  its  limit  in  power  with  all  the  water  conservation 
commercially  possible  is  under  ig,ooo  h.p.,  although  the  rainfall  at  the  Falls 
is  remarkably  high — about  loo  inches  a  year.  In  the  island  of  Tasmania 
there  are  some  natural  high-head  water  powers  which  appear  to  be  worth 
investigating,  but  the  figures  one  sometimes  sees  in  the  papers  are  not 
reliable. 


THE    NATURE   OF   THE   ACTION    OF    DYEING. 

By   W.    p.    DREAPER,    F.I.C,    F.C.S. 

{A  Paper  read  before  tlie  Faraday  Society,  Tuesday,  April  5,  1910, 
Dr.  J.  C.  Cain  /;/  the  Cliair.) 

Illustrated  by — 

(i)  Dyeing  silk,  using  amino  compounds  present  in  the  fibre. 

(2)  D\'eing  silk  by  the  one-bath  method  (logwood  and  iron). 

(3)  De-solution  ei^'ects  with  sand  column. 

(4)  Cross-dyeing  effects  :  samples  of  materials. 

In  order  to  bring  before  3'our  notice  certain  abnormal  reactions  occurring 
in  the  process  of  dying  textile  fibres,  which  may  also  throw  further  light  on 
certain  little  understood  conditions  involved  in  the  presence  of  colloids, 
I  propose  to  give  a  short  resume  of  some  work  undertaken  on  this  subject  by 
myself,  or  in  conjunction  with  others.  This  has  been  founded  to  a  large 
extent  on  observations  made  in  the  dyehouse  itself.  It  is  ^treated  under 
the  following  general  headings  : — 

Ingrain  Colours. — It  is  well  known  that  certain  dyes  can  be  formed  in 
the  fibre  substance  itself.  In  this  way,  for  instance,  primuline  is  dyed  on 
either  cotton,  wool,  or  silk  ;  the  fibre  submitted  to  the  action  of  a  solution 
of  nitrous  acid  to  diazotise  it,  and  the  true  dye  subsequently  formed  bv  the 
action  of  solution  of  phenols,  or  amines,  in  situ. 

A  quantitative  investigation  into  the  relative  fastness  of  these  d3'es  against 
alkaline  solutions-  indicated  that  they  were  invariably  more  resistant  to 
resolution  under  the  action  of  such  reagents  when  produced,  or  built  up, 
in  the  fibre  area. 

Such  a  result  might  follow  from  a  possible  increase  in  size  of  the  dye 
aggregates  formed  in  the  interior  of  the  fibre,  or  the  greater  insolubility  of 
the  new  dye  might  produce  this  effect.  It  was  noticed,  however,  that  even 
when  subjecting  the  dyed  fibre  to  the  action  of  solvent  reagents  in  which 
the  subsequent  dye  was  exceedingly  soluble,  and  presumably  in  a  state  of  low 
aggregation,  that  the  same  result  was  obtained. 

Abnormal  conditions  of  dyeing  were  also  observed  with  certain 
developers.  For  instance  /3  naphthol  sulphonic  acid  (R  salt)  gave  satisfactory 
results  on  cotton,  but  the  dye  was  not  formed  or  developed  in  the  presence 
of  the  silk  fibre.  This  possibly  indicates  some  combination  between  the 
diazoprimuline  and  the  silk,  which  is  sufficiently  stable  to  prevent  the  true 
dye  being  formed,  as  in  the  case  when  cotton  is  the  fibre  present. 

As  showing  the  possibility  of  chemical  action  occurring  when  dyeing 
animal  fibres,  the  power  that  silk  possesses  of  becoming  coloured  during 
the  above  treatment  in  the  absence  of  any^  primary  dye  may  be  instanced. 

The  sample  of  silk  before    you   has   been  simply  immersed  in  a  weak 
*  Dreaper,  J.S.C.I.,  13,  96. 
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solution  of  nitrous  acid  ;  it  will  now  be  introduced  into  an  alkaline  solution 
of  /3  naphthol.  It  immediately  takes  a  dark  red  shade,  as  in  the  case  of  the 
primuline  dyed  sample.  This  dye  is,  however,  not  fast  against  the  action  of 
boiling  soap  solution. 

The  intervention  of  some  active  body,  such  as  an  amino  acid  in  the 
animal  fibre  substance  during  dyeing  operations,  is  perhaps  discounted  by 
the  observation  of  Bentz  and  Farrell  *  that  on  the  removal  by  reduction  of 
any  such  groups  the  dyeing  power  of  the  fibre  substance  remains  unaltered. 

On  the  other  hand,  I  shall  be  able  to  indicate  that,  as  judged  by  ordinary 
standards,  a  close  relationship  exists  between  the  fibre  substance  and  the 
dye  in  a  number  of  cases  ;  and  that  this  varies  according  to  the  con- 
ditions of  dyeing  in  a  definite  and  rather  remarkable  manner.  These 
reactions  are  of  interest  from  a  general  point  of  view,  for  they  indicate  that 
conditions  obtain  in  the  dyed  fibres  which  may  vary  and  be  governed  by  the 
original  conditions  of  application. 

Fading  of  Picric  Acid. — A  change  entailing  loss  of  colour  occurs  when 
picric  acid  is  exposed  to  dehydrating  agents  acting  through  a  vacuum. 
This  has  been  ascribed  to  the  suppression  of  free  H  ions.  It  was  thought 
advisable  to  examine  this  "  fading  action  "  in  the  presence  of  fibre  colloids, 
it  being  assumed  that  any  retarding  action  observed  might  indicate  the 
presence  of  some  affinity  between  the  fibres  and  the  dye.f 

No  loss  of  colour  was  observed  when  wool  or  silk  dyed  with  this  sub- 
stance was  exposed  in  a  sealed  tube  over  concentrated  sulphuric  acid  in 
a  high  vacuum  for  sixty  days  ;  but  under  the  same  conditions  gun-cotton 
(cellulose  nitrate)  lost  20  per  cent,  of  its  colour  in  ten  days ;  artificial  silk 
(hydrocellulose)  10  per  cent.  ;  and  cellulose  and  the  picric  acid  itself  5  per 
cent.  After  sixty  days'  exposure  the  gun-cotton  had  lost  50  per  cent.,  the 
artificial  silk  30  per  cent.,  the  cellulose  25  per  cent.,  and  the  picric  acid 
itself  12  per  cent. 

It  was  also  observed  that  silk  dyed  at  98°  C.  showed  no  change  after  fifty- 
two  days'  exposure,  while  silk  dyed  to  the  same  shade  at  15°  C.  lost  12  per 
cent,  of  its  colour.  Here  there  is  an  indication  of  some  closer  relationship 
between  dye  and  fibre,  when  dyeing  takes  place  at  a  higher  temperature. 

With  this  dye,  and  under  the  conditions  of  the  experiments,  there  is 
evidence  that  the  presence  of  animal  fibre  substance  retards  fading,  although 
the  vegetable  fibres  act  in  the  contrary  direction.  It  may  be  noticed  in 
passing  that  this  result  corresponds  roughly  with  the  relative  dyeing  power 
of  this  dye  on  animal  and  vegetable  fibres  respectively. 

There  is  a  maximum  fading  effect  in  every  case  due  to  a  state  of  enforced 
equilibrium  ;  the  fading  which  took  place  at  150  days'  exposure  not  increas- 
ing at  220  days,  under  the  conditions  of  the  experiment ;  but  variations  in 
temperature  seem  to  greatly  alter  the  rate  of  fading. 

The  colour  returns  to  its  original  shade  on  subsequent  exposure  to  damp 
air,  confirming  the  suggestion  that  the  absence  of  water  is  responsible  for 
the  loss  of  colour,  by  the  suppression  of  free  H  ions,  or  through  some  associa- 
tion action  between  the  water  molecules  and  picric  acid. 

The  reactions  between  the  fibre  colloids  and  dyes  of  the  "  indicator"  type  have 
also  been  studied,!  use  being  made  of  the  well-known  colour  reactions  which 
occur  with  these  dyes  in  the  presence  of  acids  or  alkalis,  respectively. 

For  instance,  the  reaction  between  methyl  orange  and  sulphuric  acid  is 

*  J.S.C.I.,  16,  405. 

t  Dreaper  and  Stokes,  J.S.D.  &  C,  1909,  p.  10. 

+  Dreaper  and  Wilson,  y.S.C.I.,  1909. 
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altogether  abnormal  when  this  yellow  orange  dye  is  present  on  silk,  as  the 
following  results  will  indicate  : — 

Methyl  Orange  ox  Silk. 


strength  of  Acid  Solution. 

Colour  Change. 

Fibre. 

Solution. 

N/io  Sulphuric  Acid     

N/25           „           ..         

N/50 

N/75 

N/ioo         ,,           ,, 

Pink 

Pink  in  20  sees. 
Orange  in  30  sees. 
Yellow  orange 

Pink  deep 

Pink 
Pink  deep 

In  a  solution  of  N/roo  sulphuric  acid,  which,  of  course,  immediately  turns 
the  solution  pink,  the  dyed  fibre  is  practically  unchanged  in  tone. 

Similar  results  were  obtained  when  wool  was  substituted  for  silk.  The 
reaction  with  cotton  could  not  be  observed  as  this  dye  is  not  a  "  cotton  dye." 

Using  a  "direct"  or  cotton  dye  (benzopurpurine  4B),  a  similar  result 
was  obtained,  and  a  reaction  took  place  on  raising  the  temperature  of  the  dyed 
fibre  while  still  in  the  acid  solution ;  a  partial  recovery  in  the  direction  of  the 
original  shade  took  place  in  the  case  of  animal  fibres  and  the  reverse  with  the 
vegetable  fibres.  This  indicates  that  the  affinity  between  the  dye  substance 
and  the  animal  fibre  is  materially  increased  at  high  temperatures,  as  there  is 
no  corresponding  change  in  the  colour  of  the  dye  solution.  All  fibres  dye 
under  standard  conditions  to  a  deeper  shade  at  higher  temperatures,  but  that 
the  above  action  is  not  due  to  some  general  dissociation  effect,  or  a  possible 
combination  between  the  dye  and  acid,  is  suggested  by  the  recorded  fact  that 
the  dye  in  solution  does  not  alter  in  shade  in  the  same  way  between  the 
limits  of  15^-100°  C,  and  also  by  the  varying  and  opposite  results  produced 
with  different  fibres. 

It  was  also  observed  that  the  free  colour  acid  of  methyl  orange  is  not  red,  as 
previously  supposed,  but  orange  ;  the  red  colouration  obtained  when  this  re- 
agent is  used  in  volumetric  analysis  being  due  to  the  formation  of  some  loose 
combination  between  this  free  dye  acid  and  the  free  acid  in  solution  ;  this  is 
decomposed  in  the  presence  of  a  large  excess  of  water.  When  dyeing  takes 
place  out  of  this  red  solution  the  animal  fibres  are  orange  and  not  red. 
This  is  regarded  as  additional  proof  of  some  specific  relation  between  the 
dye  and  fibre,  definite  enough  to  cause  the  decomposition  of  this  red  com- 
pound even  in  the  presence  of  a  comparatively  large  excess  of  free  mineral 
acid. 

Even  when  dyeing  in  the  presence  of  such  an  excess  of  free  acid,  that  no 
such  return  of  shade  to  orange  was  possible,  the  fibre  still  absorbed  the  dye. 
This  may  indicate  that  even  if  the  mutual  attraction  between  the  dye  and 
fibre  is  such  that  in  the  presence  of  a  certain  excess  of  free  acid  this  orange 
"  compound  "  is  still  formed,  dyeing  cannot  take  place  entirely  through  the 
same  group  as  plays  part  in  the  formation  of  the  acid-additive  compound. 
Or  if  so,  that  an  equilibrium  is  established  in  which  we  have  a  small  propor- 
tion of  the  dye  in  combination  with  the  fibre  substance  ;  and  that  then 
through  alteration  in  conditions  governing  the  solution  state  in  the  fibre  area, 
the  acid  compound  is  again  formed  in  quantit}',  and  held  against  any 
resolution  effect. 
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The  corresponding  reactions  on  vegetable  fibres  were  modified  in  the  case 
of  such  dyes  as  are  indicators  and  will  also  dye  cotton,  but  to  nothing  like  the 
same  degree,  indicating  that  the  affinity  between  the  cellulose  and  dye  (as 
tested  from  this  standpoint)  is  less  than  with  the  animal  fibres. 

The  action  of  the  addition  of  salts  to  the  dye  bath  is  specific  in  the  case  of 
dyeing  with  cotton  or  ''direct"  dyes.  It  increases  the  amount  of  dye  taken 
up  by  the  fibre.  The  presence  of  salts  retards  the  action  of  the  acid  on  the 
dye,  when  present  in  the  fibre.  In  one  case  (on  cotton)  twenty  times  the 
amount  of  acid  in  unit  volume  of  dye  solution  was  required  to  give  the  same 
colour  change,  so  that  in  some  way  or  other  the  presence  of  salt  {i.e.,  sodium 
chloride),  which  is  known  to  greatly  increase  the  amount  of  dye  absorbed  by 
the  fibre,  also  prevents  the  colour  change  with  acid  when  the  dye  is  once  on 
the  fibre ;  it  would  seem,  therefore,  that  the  dyes  may  be  in  closer  relation 
to  the  colloid  fibre  substance  in  the  presence  of  salts,  and  under  these 
conditions  when  estimated  in  terms  of  the  above  colour  changes  with  acids. 

Basic  dyes  also  react  in  much  the  same  way. 

The  nature  of  these  general  reactions  with  the  indicator  dyes  in  the 
presence  of  fibres  may  possibly  be  indicated  by  the  fact  that  the  equilibrium 
established  between 

Dye  +  fibre  <"^  dye  +  acid.  aq. 

may  be  displaced  in  either  direction  according  to  the  nature  of  the  fibre 
present  (on  cotton  one  way,  on  wool  or  silk  the  other).     The  strength  of  the 


Temperature  of  Dyeing. 

Loss  of  Colour. 

In  Soap  Solution  at  ioo=. 

In  Alcohol   at  80°. 

90°  c. 
75°  C. 
60°  C. 
40°  c. 

50  per  cent. 

70 

94 

96 

84  per  cent. 

69 

92 

96 

acid  solution  and  not  the  direct  ratio  determined  the  equilibrium,  which  was 
of  a  reversible  nature. 

It  was  shown  also  that  an  animal  fibre  could  "  fix"  acid  and  dye  success- 
sively,  and  hold  these  reagents  apart  within  the  fibre  material,  and  prevent  the 
normal  colour  changes  obtaining  under  these  conditions. 

On  the  other  hand,  solvent  reagents  of  an  alkaline  reaction  indicate  that 
the  affinity  of  cotton  colours  for  silk  (or  wool)  is  less  than  for  cotton  when 
expressed  in  terms  of  resolution  into  these  reagents.  Skeins  of  silk  and 
cotton  dyed  with  these  dyes,  and  subsequently  extracted  with  a  solution  of 
ammonium  acetate,  react  in  such  a  way  that  the  dye  leaves  the  silk  and 
remains  on  the  cotton.  I  suggest  that  there  is  evidence  from  the  above 
results,  when  taken  in  conjunction  with  the  results  obtained  by  the  action  of 
acid,  to  indicate  that  the  cotton  dyes  are  held  by  the  fibres  in  different  ways. 
Or  that  this  attraction  is  of  such  a  nature  that  the  dyes  will  subsequently  react 
more  readily  in  the  case  of  the  cotton  fibre  with  acids,  but  less  readily  with 
alkalis.  The  work  is  still,  however,  incomplete,  and  I  will  defer  further 
remarks  on  this  subject  for  the  present.  Advantage  is  already  taken  of  this 
last  reaction  in  practical  dyeing  to  obtain  cross-dyeing  effects  on  different 
fibres. 
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Resolution  of  Dyes  into  Solvents. — It  has  been  noticed='=  that  the  resolution 
of  dyes,  both  acid  and  basic,  into  solvent  solutions  (such  as  alcohol  or  soap 
solution)  varies  inversely  as  the  temperature  of  dyeing. 

In  the  case  of  night  blue  on  silk,  for  instance,  the  results  obtained  are 
given  in  the  table  opposite. 

The  results  obtained  with  other  dyes  and  fibres  are  of  the  same  order. 

For  instance,  with  an  acid  dye  (acid  anthracene  red  3B),  the  following 
results  were  obtained  : — 


Temperature  of  Dyeing. 

Loss  of 

Colour. 

In  Soap  at  55=  C.  for 
30  minutes. 

In  Spirit  at  55=  C.  for  i  hour. 

90°  c. 
75°  C. 
60°  C. 
40°  C. 
18°  C. 

28  per  cent. 

48        „ 

56 

95 

99 

24  per  cent 

32 

44 

72 

92 

Similar  results  were  obtained  when  cotton  was  dyed  with  benzopur- 
purine  4  B,  although  in  this  case  alcohol  at  15°  C.  after  prolonged  treatment 
removed  the  dye  from  all  samples. 

The  Absorption  of  Dyes  by  Inorganic  Substances  has  been  studied  in  several 
directions.  The  special  effects  obtained  by  filtering  through  a  column  of 
purified  and  ignited  silica  (sand)  have  been  investigated,!  and  the  results 
obtained  may  be  noticed  here. 

In  these  experiments  the  solution  (i  in  10,000)  of  certain  dyes  falls  drop 
by  drop  from  a  graduated  burette  through  a  5-in.  column  of  sand  contained 
in  a  glass  tube  of  5  to  10  mm.  diam.  The  dye  stuff  is  at  first  deposited  on 
the  surface  of  the  sand  particles,  probably  by  a  process  of  "  adsorption," 
and  a  perfectly  colourless  liquid  passes  out  at  the  bottom  end  of  the  tube. 
As  more  of  the  dye  solution  is  added  the  sand  is  progressively  "  dyed " 
throughout  its  length  ;  finally  the  liquid  passes  through  strongly  coloured. 
This  transition  from  a  colourless  to  a  coloured  liquid  is  generally  very  sharp. 
A  delicate  means  is  thus  afforded  of  comparing  the  relative  "  dyeing  powers  " 
of  different  dyes  under  these  conditions,  and  possibly  at  the  same  time  a 
method  of  ascertaining  within  certain  limits  their  solution  state  is  also 
obtained.  The  ratio— wt.  of  dye  retained/wt.  of  sand — is  a  constant  for 
each  substance,  at  the  point  where  the  solution  first  passes  through  coloured, 
so  long  as  the  same  quality  of  sand  is  used.  Increasing  the  size  of  the 
sand  particles  diminishes  the  value  of  this  constant,  showing  that  the  action 
is  a  surface  one. 

The  absorption  of  night  blue  by  sand  is  very  definite  in  its  nature,  and 
the  dye  is  held  against  water,  but  not  against  alcohol.  This  action  is  suffi- 
ciently remarkable  for  it  to  be  shown  on  this  occasion.  The  end  reaction  is 
a  very  definite  one,  as  will  be  seen  from  the  following  figures  obtained  in 
successive  experiments  with  different  weights  of  sand: — 


Ratio  dye/sand 


o  •000148 
0*000147 
o"oooi48 


*  Dreaper  and  Wilson,  J.S.D.  &  C,  22,  274,  1906,  and  J.S.C.I.,  26,  667,  1907 
+  Dreaper,  ^.S.D.  &  C,   1907,  p.   188,  and  Dreaper  and  Davis,  Internatio 
Congress  of  Chemistry,  1909. 
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The  addition  of  sodium  chloride  to  the  dye  solution  of  the  "  direct " 
dyes  which  dye  cotton  without  a  mordant  gives  a  greatly  increased  dyeing 
effect.  An  increased  absorption  is  obtained  in  the  sand  column  with  these 
cotton  dyes,  but  not  with  picric  acid,  which  does  not  dye  cotton  (cellulose) 
direct.  In  the  former  case  the  amount  of  dye  held  back  by  the  sand 
column  in  a  lo  per  cent,  solution  of  salt  is  five  times  the  normal. 

This  effect  may  be  due  to  the  decreased  solubility  of  the  dye  under 
these  conditions.  The  same  effect  is  produced  with  night  blue  in  a  salt 
solution  when  near  the  salting-out  point,  although  it  does  not  dye  cotton 
direct. 

In  the  case  of  pseudo-solutions  which  are  coloured  and  in  a  state  of 
high  aggregation,  the  sand  column  is  useful  as  an  indicator.  The  top  layer 
of  the  sand  will  then  absorb  an  excess  of  the  dye,  or  even  the  whole  of  it. 
This  is  readily  seen  by  the  colour  of  the  top  layer.  The  lower  portion  of  the 
sand  column  may  or  may  not  remain  uncoloured  as  the  case  may  be.  This 
deposition  or  de-solution  may  prevent  the  flow  of  the  dye  solution.  The 
water  will  pass  perfectly  clear  until  its  passage  is  entirely  prevented  by  the 
deposited  dye  material. 

This  sand  column  may  also  be  of  value  in  generally  separating  colloids 
from  their  solutions  and  obtaining  information  as  to  their  solution  state. 
This  matter  will  be  investigated.  In  the  above  cases,  at  any  rate,  it  seems 
to  rapidly  indicate  the  relative  solution  state  of  the  solute. 

The  nature  of  some  of  the  dyeing  reactions  may  possibly  be  indicated  by 
the  study  of  surface  concentration  phenomena  of  dyes  in  the  neighbour- 
hood of  inorganic  substances  like  silica,  especially  in  determining  the 
nature  of  the  action  of  assistants  in  the  dye  bath,  and  whether  this  be  due 
to  alteration  in  the  solution  state  or  to  some  action  on  the  fibre  substance 
itself. 

For  instance,  in  the  case  of  the  addition  of  sodium  chloride  to  the  dye 
solution  of  "  cotton "  dyes,  which  both  increases  the  deposition  of  dye 
within  the  fibre  area  and  also  on  the  surface  of  silica,  the  indication  is  that 
some  alteration  in  the  solution  state  of  the  dye  in  which  the  salt  disturbs  the 
equilibrium — 

dye  +  solution  <~>  dye  +  fibre  (or  silica) 
> 

by  its  tendency  to  "  salt  out  "  the  dye,  is  the  primary  cause  of  the  increased 
action,  the  solution  then  dyeing  as  well  as  a  more  concentrated  one  under 
normal  conditions. 

Reactions  Involved  in  the  "  One  Bath  "  Method  of  Dyeing. — Logwood  and 
iron  salts  produce  black  dyes  which  are  much  used  in  silk  dyeing.  Alternate 
applications  of  solutions  of  these  materials  to  the  fibre  produce  black  lakes 
of  great  intensity  within  the  fibre  area.  If  these  solutions  are  mixed  the 
same  black  colour  is  produced,  but  it  is  not  possible  to  dye  silk  with  this  lake 
when  suspended  in  solution  in  this  manner,  owing  to  the  high  state  of  aggre- 
gation of  the  lake  particles.  An  addition  of  oxalic  acid  to  this  suspension 
in  increasing  proportion  gradually  dissolves  this  lake,  the  colour  of  the  solu- 
tion passing  from  black  to  brown  and  then  to  gold  in  colour  as  the  action 
proceeds.  The  exact  nature  of  this  reaction  is  obscure,  but  the  point  for 
consideration  is  that,  whether  actual  decomposition  takes  place  or  not,  silk 
will  dye  readily  out  of  this  solution  to  a  black  shade,  an  equilibrium  being 
established  where  the  black  lake  is  thrown  out  of  solution  and  deposited 
within  the  fibre  area  and  at  the  same  time  remains  in  the  brown  condition 
in  the  dye  solution.     In  the  presence  of  excess  of  oxalic  acid,  the  solution 
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is  golden,  and  the  silk  dyes  a  deep  brown  shade,  which  turns  black  on  wash- 
ing with  water.  The  nature  of  this  reaction  has  been  discussed  elsewhere,"-'' 
but  it  is  evident  that  a  reversal  of  this  solution  process  (of  whatever  nature 
it  be)  is  brought  about  in  the  fibre  area.  I  have  not  yet  been  able  to  deter- 
mine whether  this  action  is  due  to  surface  concentration  effects  or  to  some 
more  direct  attraction,  but  experiments  in  hand  will  probably  settle  this 
point.  In  the  presence  of  a  greater  excess  of  free  oxalic  acid  the  black  lake 
is  not  deposited  in  the  fibre  area,  but  is  then  present  within  the  fibre  area 
in  the  dark  brown  condition.  Partial  neutralisation  of  the  oxalic  acid  shows 
that  this  reaction  is  a  reversible  one. 

Condition  of  Fibre  Substance  during  Dyeing. — It  has  been  more  or  less 
recognised  that  hydration  of  the  fibre  substance  may  precede  and  modify 
the  actual  dyeing  operation.  It  was  thought  that  an  investigation  into 
the  conditions  under  which  organic  coagula  are  formed  might  possibly  throw 
some  light  on  this  subject. f  It  was  observed,  for  instance,  that  although 
gallic  acid  had  not  the  power  to  precipitate  gelatine  from  aqueous  solution, 
yet  if  this  substance  was  precipitated  by  tannic  acid  in  the  presence  of 
gallic  acid  a  large  proportion  of  the  latter  was  carried  down  or  formed  part 
of  the  coagulum  in  a  definite  and  quantitative  manner.  If  the  addition  of 
gallic  acid  was  made  after  the  precipitation  of  the  tannic-gelatine  coagulum, 
the  same  proportion  of  gallic  acid  was  adsorbed.  The  equilibrium  established 
between  the  gallic  acid  in  solution  and  gallic  acid  in  coagulum  was  a 
constant  under  these  varying  conditions.  Also  the  physical  properties  of 
the  tannic  acid  gelatine  coagulum  were  modified. 

It  may  possibly  be  argued  from  this  that  the  actual  state  of  solution 
or  pseudo-solution  of  one  of  the  reacting  substances  is  a  determining  factor. 
This  was  more  fully  brought  out  when  albumin  was  used  in  the  place  of 
gelatine,  and  the  albumin  simply  coagulated  by  the  action  of  heat.  Here 
again  there  was  a  direct  and  very  definite  absorption  of  the  gallic  acid  by 
the  less  soluble  albumin.  We  were  able  to  show  also  that  in  very  concen- 
trated solution  gallic  acid  will  even  form  this  coagulum  with  albumin 
without  any  external  aid  and  at  ordinary  temperatures.  When  it  is  remem- 
bered that  the  animal  fibres  are  slowly  disintegrated  even  to  a  state  of 
pseudo-solution  by  the  continued  action  of  aqueous  solutions,  as  dyers 
sometimes  learn  to  their  cost,  and  that  they  are  readily  soluble  in  con- 
centrated solutions  of  acids  or  alkalis,  which  substances  are  generally 
present  in  dyeing  or  scouring  operations,  it  may  be  argued,  I  think,  that  a 
solution  state  of  the  fibre  substance  may  be  induced,  which  ma}'  facilitate 
or  govern  the  reactions  on  some  such  lines  as  those  indicated  in  the 
formation  of  the  above  coagula,  and  so  produce  the  colour  changes 
which  are  conveniently  classed  in  industry  under  the  term  "  dyeing."  An 
extended  set  of  experiments  will  be  undertaken  with  these  hydrolysed  pro- 
ducts to  investigate  this  point.  Investigation  on  these  lines  will,  however, 
be  complicated  by  the  varying  disintegration  of  the  fibre  substance  under 
hydrolysis  and  the  want  of  a  method  to  determine  the  same. 

A  similar  action  has  been  recorded  by  O.  Weber. |  Although  a  solution 
of  albumin  is  not  coagulated  by  eosine  G.G.F.,  yet  if  the  tem_perature  of 
the  solution  be  taken  up  to  80°  C.  the  coagulated  albumin  absorbs  the  eosine 
with  avidity. 

The  modified  reactions  of  the  dyes  towards  mercerised  cotton,  as  noticed 

*  Dreaper,  J.S.C.I.,  1905,  p.  225. 

t  Dreaper  and  Wilson,  Proc.  Chan.  Soc,  22,  70,  and  y.S.C.L,  1906,  p.  515. 

:  y.S.C.L,  13,  1 151. 
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by  several  observers  and  which  I  have  discussed  elsewhere/-  is  also  a  case 
in  point. 

General  Conclusions. — These  results  when  taken  collectively  sufficiently 
indicate  the  complicated  nature  of  the  action  of  dyeing.  The  different 
conditions  under  which  the  dyes  are  present  on  both  the  freshly  dyed  and 
the  dried  fibre,  when  dyeing  takes  place  at  different  temperatures,  is  indi- 
cated by  the  varying  resistance  of  the  dye  to  the  action  of  solvents.  This 
has  been  confirmed  in  different  ways,  and  has  been  shown  to  extend  to 
the  resistance  to  the  action  of  acids  in  the  case  of  the  "indicator"  series  of 
dyes  when  they  are  present  on  the  fibre. 

In  the  latter  case  the  general  resistance  against  the  colour  changes  with 
acids  is  also  direct  evidence  that  there  is  some  definite  relation  between 
the  dyes  and  fibre  colloids,  especially  when  it  is  observed  that  sulphuric 
acid  may  be  present  in  the  fibre,  and  yet  not  react  with  such  a  sensitive 
reagent  as  methyl  orange,  nor  prevent  it  dyeing  the  fibre  orange  out  of  a  red 
(acid)  solution.  It  must  be  remembered  that  the  free  colour  acid  is  orange, 
and  not  red. 

The  abnormal  result  obtained  on  raising  the  temperature  of  the  acid 
dye  bath,  and  the  indication  that  under  these  conditions  the  fibre  substance 
shows  an  increased  affinity  for  the  dye  as  measured  by  the  above  colour 
reactions  with  acids,  is  equally  definite.  This  phenomenon  seems  to  correspond 
in  some  way  with  the  general  dyeing  action  observed  in  practice,  where  the 
dye  is  more  readily  absorbed  by  the  fibres  at  a  higher  temperature.  These 
experiments  also  indicate  that  this  is  not  due  to  a  greater  penetration  of  the 
dye  into  the  fibre  substance  at  the  higher  dyeing  temperature,  but  to  some 
closer  and  more  definite  relation  between  the  dye  and  fibre  substances 
respectively,  and  that  the  action  with  acids  is  a  reversible  one. 

The  nature  of  this,  as  indicated  by  these  experiments,  and  when  judged 
by  ordinary  standards,  is  abnormal,  but  some  such  variations  may  also 
occur  in  the  case  of  ordinary  colloidal  reactions.  This  point  will  be 
followed  up  and  investigated. 

The  changes  brought  about  when  the  "  ingrain "  or  developed  dyes 
are  produced  in  the  fibre  itself  also  indicate  some  variation  from  the 
normal  dyeing  reactions,  especially  when  the  abnormal  reaction  of  some 
developers  is  considered.  It  is  interesting  to  note  in  passing  that  it  has 
been  observed  by  Cross,  Bevan,  and  Green  that  the  diazotised  primuline 
produced  in  the  fibre  is,  by  comparison,  exceedingly  sensitive  to  the  action 
of  light. 

The  fact  that  the  animal  fibres  themselves  will  react  with  nitrous  acid  and 
amines,  or  phenols,  in  a  similar  way  to  primuline  itself,  may  indicate  an 
active  condition  of  these  fibres  which  must  be  considered  in  relation  to 
the  general  reactions  between  dyes  and  animal  fibres  ;  but  it  is  equally  true 
that  the  vegetable  fibres  (which  do  not  react  in  this  way)  give  equally 
"  fast  "  results  with  the  ingrain  dyes,  as  measured  by  their  subsequent  resist- 
ance to  the  action  of  such  reagents  as  soap  or  alkaline  solution. 

Interesting  results  will  probably  be  obtained  from  the  further  considera- 
tion of  this  matter  in  detail.  The  delicate  colour  reactions  involved  render 
the  study  of  the  reactions  of  such  bodies  a  comparatively  easy  one.  Also  the 
colloidal  nature  of  at  least  one  of  the  reacting  substances  at  the  time  of 
dyeing  adds  an  additional  interest  from  the  point  of  view  of  the  reactions 
of  these  bodies  and  their  solution  state. 

As   a   result   of    observations    of    tliis    nature    I  was    led    in     1905  f    to 

*  Dreaoer,  Chcm.  News,  90,  179. 
t  ^.S.D.  t  C,  1905,  p.  136. 
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suggest  that  molecular  migration  from  one  dye  aggregate  to  another 
might  come  into  play,  and  establish  an  equilibrium  of  size  or  something 
approaching  it  in  pseudo-solutions,  and  incidentally  account  for  some 
obscure  reactions  in  dyeing  by  the  "  one  batli  "  method,  when  the  mordant 
and  dye  arc  actually  present  in  the  same  dye  solution.  This  suggestion  was 
founded,  by  analogy,  on  the  Poisson-Maxwell  theory  of  atomic  migration. 
Some  action  of  this  nature  might  also  explain  such  phenomena  as  the 
"  ripening  "  of  solutions  of  cellulose  and  nitrocellulose  and  possibly  the  slow 
diffusion  of  colloids. 

It  is  obvious  that  if  dye  aggregates  were  formed  within  the  fibre  substance 
by  the  entrance  of  single  molecules  (or  smaller  aggregates)  of  the  dye, 
many  of  the  observed  reactions  might  be  accounted  for."  At  that  time  I 
suggested  that  the  possible  action  of  dyeing  might  be  summarised  in  the 
following  terms  : — 

(i)  A  solution  state  of  the  dye  within  certain  limits  of  aggregation  as 
determined  by  the  laws  of  solution. 

(2)  A  fibre  state  corresponding  to  this  state  of  aggregation  and  of  a 
permeable  nature. 

(3)  Localisation  of  the  dye  within  the  fibre  area  by  surface  concentration 
phenomena. 

(4)  Localisation  of  salts,  acids,  &c.  (assistants),  within  the  fibre  area  from 
the  same  cause. 

(5)  The  direct  entrance  of  dye  aggregates  by  molecular  migration,  with 
subsequent  reformation  of  aggregates  within  the  fibre  area,  according  to  the 
above  suggested  variation  in  the  state  of  aggregation. 

(6)  De-solution,  due  to  concentration  effects  ("  salting  out,"  &c.).  or 
secondary  attraction;  between  the  fibre  substance  and  the  dyes. 

(7)  Primary  or  chemical  action,  which  may  play  some  part  at  this  stage, 
and  may  even  in  some  cases  take  the  place  of,  or  cause,  de-solution 
phenomena. 

(8)  De-solution  effects  in  the  case  of  basic  dyes,  which  may  lead  to  altera- 
tion in  constitution,  and  the  production  of  very  basic  salts  in  a  state  of 
high  molecular  aggregation  (insoluble)  within  the  fibre  area. 

The  question  of  surface  concentration  does  not  seem  to  be  fully  appre- 
ciated yet  in  its  relation  to  dyeing,  but  the  tubular  nature  of  the  cotton  fibre, 
and  the  statement  made  that  a  cross-section  of  this  fibre  indicates  that  the 
dye  is  chiefly  present  in  the  centre  of  this  fibre,f  shows  that  the  conditions 
for  such  concentration  may  be  present.  It  will  be  remembered  that  even 
potassium  permanganate  may  be  "  filtered  "  from  its  solution  by  a  passage 
through  finely  divided  silica.]:  The  passage  of  a  solution  of  a  salt  through 
capillary  tubes,  where  the  salt  collects  at  the  walls,  due  to  the  difference  in 
surface  tension  of  salt  solutions  as  compared  with  that  of  pure  water,  is  also  a 
case  in  point, §  it  being  an  observed  fact  that  if  filter  paper  is  dipped  into 
such  a  solution  the  solution  in  the  filter  paper  is  stronger  than  the  rest  owing 
to  the  diminishing  value  of  the  surface  tension  at  the  surface  of  contact 
between  the  salt  solution  and  a  solid  body.  The  subject  has  been  con- 
sidered by  J.  J.  Thomson. II  If  a  colloid  such  as  albumin  takes  the 
place  of  the  salt  the  capillary  tube  may  be  completely  choked  through  the 
actual  de-solution  of  this  substance. 

Knecht  and  Batey  have  recently  proved  by  the  electrical  conductivity 

*  Dreaper,  y.S.D.  &=  C,  1905,  2l,  136. 

t  Gnehni  and  Rotheli,  Zcit.f.  angcw.  Clieni.,  1S98,  pp.  482-488, 

\  Application  of  Dynamics  to  Physics  and  Chemistry,  J.  J.  Thomson,  p.  192. 

§  Ibid.  II  Ibid. 
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method  that  a  series  of  dyes  give  true  solutions  with  water/'-  This  work 
confirms  similar  results  obtained  by  Pelet-Jolivet  and  Wild.f 

W.  M.  Bayliss  has  also  shown  that  Congo  red  has  an  osmotic  pressure 
equal  to  that  expected,  if  it  were  in  true  solution  in  single  molecules.  This 
condition  is,  however,  only  to  be  obtained  in  the  complete  absence  of 
electrolytes,  which  never  exists  in  practical  dyeing.  Even  the  CO2  present 
in  ordinary  distilled  water  causes  a  marked  fall  in  pressure.]: 

At  the  same  time  it  must  be  remembered  that  dyes  generally  "  salt  out  " 
of  their  solutions,  and  also  that  salts  are  generally  present  in  dye  solutions. 
So  that  dyestuffs  which,  while  being  capable  of  "  salting  out,"  exhibit  in 
dilute  solutions  some  of  the  properties  of  true  electrolytes,  may  still  deposit 
on  the  surface  of  fibres  by  this  action  of  surface  concentration  as  I  have 
indicated.  If  both  the  d3'e  and  salts  are  concentrated  beyond  the  critical 
de-solution-point  of  the  former  at  the  fibre  surface  such  an  action  must  neces- 
sarily follow.  So  that  the  fact  that  certain  dyes  behave  in  dilute  aqueous 
solution  as  electrolytes  (as  might  possibly  be  expected  with  salts  of  sulphonic 
acids)  must  not  be  taken  as  evidence  that  the  dyeing  action  is  one  in  which 
some  of  the  other  properties  of  colloids,  and  these  dyes,  play  no  part.  Then, 
again,  is  there  any  direct  evidence  that  if  such  electrolytes  are  dissociated 
in  solution,  the  dissociated  aggregates  are  not  themselves  in  a  state  of 
association  with  the  solvent,  and  therefore  possibly  in  some  state  equivalent 
to  pseudo-solution  and  therefore  act  in  an  equivalent  way  to  ordinary 
colloids  ?  Such  a  state  might  be  assumed  if  one  accepts  the  Lowry  ionic 
hydrate  hypothesis.  These  units  might  also  be  subject  to  surface  concentra- 
tion effects,  and  so  produce  certain  specific  effects  in  this  direction. 

When  the  position  is  reviewed,  and  the  work  of  different  investigators 
considered  in  detail,  the  subject  is  certainly  a  complex  one.  I  have  dealt 
with  the  matter  generally  elsewhere, §  and  have  confined  myself  on  the 
present  occasion  to  the  discussion  of  the  series  of  reactions  mentioned. 

That  certain  known  reactions  between  colloids  in  a  state  of  pseudo- 
solution  may  account  for  dyeing  reactions  must  be  conceded,  and  several 
investigations  have  been  undertaken  with  the  object  of  proving  this  to  be 
the  case.  If  the  reactions  which  "  fix "  the  dyes  are  of  this  nature,  a 
general  investigation  of  the  conditions  governing  the  phenomena,  even  if 
they  be  of  the  nature  of  such  commercial  operations  as  dyeing  or  tanning, 
must  throw  further  light  on  this  subject  generally  and  be  worthy  of  special 
attention.  In  conclusion,  the  consideration  of  the  above  experimental  data, 
when  taken  collectively,  indicates  that  the  dye  is  not  only  fixed  on  the  fibres 
by  reactions,  which  are  obscure,  but  that  this  affinity  may  vary  in  intensity 
with  the  temperature  of  the  dye  bath,  or  may  be  otherwise  modified  by  the 
method  of  application,  as  in  the  case  of  the  ingrain  colours. 

The  Solution  State  of  Dyes. — The  consideration  of  these  results  and  others 
led  to  the  suggestion  ||  that  the  act  of  solution  might  possibly  be  represented 
by  the  following  formula — 

(OH,).,H  — C1(0H,),, 

the  primary  bond  —  being  reduced  by  the  secondary  attraction  x  but  never 

*  y.S.D.  &  C,  1909,  p.  194. 

t  Comptes  Rendns,  October  19,  1908. 

j  Proc.  Royal  Society,  B,  81,  269  (1909). 

§  Clicmistry  and  Pliysics  of  Dyeing,  Churchill,  1906. 

II  Dreaper,  f  .S.C.I.',  1905,  p.  226,' and  Clieni.  N^ias,  1905,  g2,  229. 
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entirely  extinguished,  as  since  suggested  by  Dr.  Lowry,*  and  as  represented 
diagrammatically  in  the  following  way— 

(OH,),H,  C1(0H,),, 

where  the  ionic  hydrates  actually  exist  as  definite  and  independent  units. 
The  presence  of  any  free  ions  being  due  in  the  former  case  to  atomic  migra- 
tion by  direct  interchange  of  the  H  and  CI  atoms,  the  increasing  tendency  to 
migrate  being  due  to  the  increasingly  unstable  condition  set  up  by  the 
reduction  in  value  of  the  primary  attraction  or  bond  as  determined  by  the 
suggested  conditions.  Such  a  system  need  not  interfere  with  the  simul- 
taneous formation  of  hydrates,  which  are  known  to  be  present  in  some 
solution  systems. 

*  Faraday  Proc,  i,  197  (1905). 


THE   ELECTRICAL  THEORY  OF   DYEING. 

By  Professor  W.  W.  H ALDAN  E  GEE,  B.Sc,  M.Sc.Tech.,  and 
WILLIAM  HARRISON,  Assoc.M.S.T. 

{A  Paper  read  before  the  Faraday  Society,  Tuesday,  April  5,  1910, 
Dr.  J.  C.  Cain  in  the  CItair.) 

Part  I. 

The  literature  relating  to  the  causes  of  dyeing  reveals  great  differences  of 
opinion  as  to  the  physical  and  chemical  phenomena  involved.  The  main 
theories  are  summarised*  in  Dreaper's  Chemistry  and  Physics  of  Dyeing,  where 
we  read  :  "  Even  to-day  (September,  1906),  with  our  extended  knowledge,  we 
are  ignorant  of  the  exact  and  complete  causes  which  bring  about  many  of  the 
complicated  effects  which  are  classified  under  the  comprehensive  term, 
dyeing."  To  the  theories  discussed  by  Dreaper  must  now  be  added  an 
electrical  one.  Its  basis  is  that  any  two  bodies  placed  in  contact  are 
oppositely  electrified.  In  the  case  of  tinctorial  chemistry  one  of  the  bodies 
is  a  non-conducting  solid  and  the  other  a  liquid.  There  does  not  seem  to  be 
any  direct  method  of  obtaining  the  value  of  the  potential  difference  between 
such  bodies.  We  can  only  avail  ourselves  of  the  classic  theory  of  von  Helm- 
holtz,  which  enables  the  potential  difference  between  a  liquid  and  a  porous 
diaphragm  to  be  deduced. 

This  may  be  done  in  four  different  ways  : — 

1.  By  measuring  the  rate  of  flow  of  the  liquid  through  a  diaphragm 

of  the  substance  under  electrical  stress  (electrical  endosmose.) 

2.  By   measuring  the    mechanical    pressure   obtained   by   electrical 

endosmose. 

3.  Determining  the  speed  of  the  solid  in  the  form  of  small  particles, 

when  immersed  in  the  liquid,  under  electrical  stress. 

4.  Finding  the  difference  of  electrical  pressure  between  the  two  sides 

of  a  diaphragm  when  the  liquid  is  filtered  under   mechanical 
pressure. 
If  e  be  the  contact  difference  of  pressure  between  the  solid  and  the  liquid 
we  have  f  (not  considering  Method  2  at  present)  : — 


Method  I- 


Method  3 — 


47r     ?2     V 

^~  K  'q'n' 


Air  V 

*  Also  see  W.  C.  M.  Lewis,  "  On  the  Application  of  Adsorption  to  the  Theory  of 
Dyeing,"  Phil.  Mai>.,  vol.  15,  p.  499,  1908. 

t  See  Helmholtz,  Ann.  d.  Ph.  n.  Ch.,  7,  p.  337,  1879  ;  Memoirs,  London  Physical 
Society,  1888  ;  Lamb,  B.A.  Rep.,  p.  495,  1887  ;  Burton,  Phil.  Mag.,  11,  p.  425,  1906  ; 
Perrin,  Journal  de  Chintie  Physique,  ii.,  p.  606,  1904. 
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Method  4— 


where — 


T]         E 

p    p  ' 


K  is  the  dielectric  constant ; 

T)  coefficient  of  viscosity  ; 
V  rate  of  liquid  flow  or  speed  of  particle 

q  equivalent  cross-section  of  the  pores  ; 

H  strength  of  the  electrical  field  ; 

E  e.m.f.  produced  ; 

p  mechanical  pressure  ; 

p  specific  electrical  resistance. 

Use  of  Method  3. — This  is  the  most  suitable  for  absolute  measurements 
when  the  particles  are  in  colloidal  solution.  It  is  especially  useful  in  finding 
the  electrical  sign  of  the  charged  particle  by  observation  of  the  direction  of 
movement  between  the  electrodes. 

The  observations  may  be  made  by  the  method  of  Hardy,  using  a  U-tube 


Q 


\ 


Fig.  I. 


Fig.  2. 


(length  of  each  limb  25  cms.,  and  diameter  of  tube  2  cms.)  of  the  form  shown 
in  Fig.  I.  The  colloidal  liquid  is  introduced  in  the  bend  of  the  tube,  so  that 
pure  water  is  in  the  upper  parts  of  the  limbs  of  the  tubes.  The  difference  of 
levels  of  the  colloidal  solution,  after  the  electrodes  have  been  connected  with 
the  supply  voltage  for  a  definite  time,  is  read  on  the  millimetre  scales  on  the 
tubes.     (For  further  details  see  Burton,  Phil.  Mag.,  11,  p.  425,  1906.) 

Instead  of  the  method  of  Hardy,  the  direct  movement  of  the  particles, 
observed  by  the  method  of  dark-ground  illumination,*  is  sometimes  more 
convenient.  The  reflecting  prism  A  BCD,  each  face  4  cms.,  and  height 
2  cms.  (Fig.  2),  which  we  have  used  was  provided  by  Messrs.  Chance  Bros. 
Light  from  a  Nernst  lamp  was  projected  on  the  rhomb  by  a  lens  E,  and  then 
was  twice  totally  reflected.  The  liquid  is  placed  in  a  cell  d  e  made  of  a  slip 
of  glass  of  the  same  index  of  refraction  as  the  prism.  The  details  of  the  cell 
are  shown  in  Fig.  3.  The  copper  strips,  Cu,  and  the  platinum  electrodes,  Pt, 
are  cemented  to  the  slip.     The  liquid  is  enclosed  by  an  ordinary  circular 


See  Cotton  and  Mouton,  Les  Ultramicroscopcs. 
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cover-glass.       It  is  necessary  to  place  cedar-wood   oil   between  the  lower 
surface  of  the  cell  and  the  top  of  the  prism. 

The  nature  of  the  electrical  charge  of  a  number  of  substances  has  been 
ascertained  either  by  the  U-tube  method  or  by  the  direct  use  of  the  micro- 
scope.    The  results  are  shown  below  : — 


Table  I. 
A.  Substances  giving  Positively-charged  Particles. 

1.  Night-blue  Base. — Prepared  from  the  hydrochloride  by  precipitation  with 
ammonia  and  washing  the  precipitate  free  from  chloride.  It  was  dried  at 
iio°C.,  and  then  o"i  gm.  was  dissolved  per  loo  c.c.  of  pure  alcohol.  The 
solution  was  filtered  and  then  diluted  to  a  lo  per  cent,  solution  of  alcohol. 
This  strength  was  used  in  all  cases  marked  with  ''>'.  The  experiment  was 
performed  in  a  U-tube. 

2.  Spirit-blue  Base.* — Prepared  from  the  hydrochloride  by  repeated  boiling 
with  ammonia  and  then  washed  and  treated  .as  above.     U-tube  used. 

3.  Crystal-violet  Base.* — Prepared  like  No.  i.     U-tube. 

4.  Aluminium  Hydrate. — Commercial  sample,  soluble  in  caustic  soda. 
Washed  and  ground  up  with  water.     Examined  by  microscope. 


Cu. 


4- 


Ci' 


Pt. 


Fig.  3. 


5.  Magnesium   Hydrate.— Prepared    from    pure    Mg.      Ground  up   with 
water  and  examined  under  the  microscope. 

6.  Night-blue  Hydrochloride. — Ground  up  with  water  in  amount  insufficient 
to  dissolve  the  salt.     Microscope  used. 

7.  Crystal-violet  Hydrochloride.— As  in  No.  6. 

8.  Spirit-blue   Hydrochloride.— Ground   up   with   water,    in   which    it   is 
insoluble.    Microscope  used. 


Table  II. 

B.  Substances  giving  Negatively-charged  Particles. 
Microscope  Method. 


All  Examined  by  the 


9.  Tannic  Acid  (Zinsser's).— Boiled  up  with  water  and  cooled. 

10.  Rosolic  Acid.— Dissolved  in  alcohol  and  then  poured  into  water. 

11.  Uric  Acid. — Ground  up  with  water. 

12.  Silicic  Acid. — Precipitated.     Treated  as  in  No.  11. 

13.  Naphthol  Yellow  (Free  Acid).— As  in  No.  6. 
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14.  Orange  II.  (Sodium  Salt). — As  in  No.  6. 

15.  Orange  G.  (Sodium  Salt). — As  in  No.  6. 

16.  Naphthol  Yellow  (Calcium  Salt). — As  in  No.  6. 

17.  Benzopurpurine  4B.  (Potassium  Salt). — As  in  No.  6. 

18.  Erika  B.N.  (Potassium  Salt).— As  in  No.  6. 

19.  Sodium  Stearate. — Prepared  from  pure  stearic  acid.  Boiled  with 
water  and  cooled. 

20.  Aluminium  Stearate. — Prepared  from  pure  stearic  acid.  Dissolved  in 
acetone  and  then  poured  into  water. 

21.  Latex  of  Landolphia  Ovariensis. — This  rubber  latex  was  diluted  with 
water,  to  which  a  little  formalin  had  been  added  for  preservation. 

22.  Anthracene.* — Dissolved  in  alcohol  and  poured  into  water. 

23.  Naphthalene.* — Resublimed  and  then  treated  as  in  No.  22. 

24.  Paraffin  Oil  (Commercial). — Dissolved  in  acetone  and  poured  into 
water. 

25.  Paraffin  Wax  (Commercial  White). — As  in  No.  24, 

26.  Cerasin  Wax  (Commercial  White). — As  in  No.  24. 

27.  Beeswax  (Brown  Commercial).— Dissolved  in  alcohol  and  poured  into 
water. 

28.  Sulphur  *  (Precipitated). — Dissolved  in  acetone  and  poured  into  water. 

29.  Animal  Charcoal. — Ground  up  with  water. 

30.  Nitrocellulose  *  (Soluble). — Dissolved  in  acetone  and  poured  into 
water. 

31.  Azobenzene.* — Dissolved  in  alcohol  and  poured  into  water. 

32.  Anthraquinone.* — As  in  No.  31. 

33.  Alizarine.* — As  in  No.  31. 

34.  Indigo. — Ground  up  with  water. 

35.  Starch  (Potato). — Boiled  up  with  water  and  cooled.     U-tube  used. 

36.  Paranitraniline  Red. — Dissolved  from  dyed  cloth  with  acetone  and 
solution  poured  into  water. 

37.  AniHne  Black  (Chrome). — Contains  13  per  cent,  of  Cr.  Ground  up 
with  water. 

38.  Compound  of  Night  Blue  and  Picric  Acid.* — Made  from  the  hydro- 
chloride.    Dissolved  in  alcohol  and  poured  into  water. 

39.  Compound  of  Chrysophenine  and  Crystal  Violet.* — Made  from  crystal- 
violet  hydrochloride.     Dissolved  in  alcohol  and  poured  into  water. 

In  the  above  thirty-nine  cases  the  substances  were  either  as  colloidal  solu- 
tions or  as  fine  suspensions.  They  all  showed  the  Tyndall  effect  in  a  beam 
of  light  from  an  arc  lamp. 

An  examination  of  the  tables  shows  that  in  pure  water  or  in  10  per  cent, 
alcohol  all  basic  substances  are  charged  positively,  and  all  acid  substances 
negatively.*  The  hydrochlorides  tested  are  positive,  and  the  metallic  salts 
with  complex  groups  are  negative.  Further,  all  the  hydrocarbons  are 
negative.  The  so-called  neutral  substances  and  sulphur,  as  well  as  carbon, 
are  negative. 

Speed  of  Particles  under  Electrical  Pressure. 

In  order  to  determine  the  speed  of  the  particles  the  method  of  the  U-tube 
or  that  with  the  microscope  was  used. 

*  This  agrees  with  some  of  the  work  of  Teague  and  Buxton,  Zeits.  fur  Phys. 
Clicni.,  60,  p.  419,  1907. 
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Table  III. 
\J-Tube  Method.     Temperaiure  i8°C. 


Substance. 

Speed. 
Cms.  per  second  per  volt  per  cm. 

Alizarine 

Azobenzene 

Night  Blue  Base 

Spirit  Blue  Base 

Chrysophenine    (Crystal   Violet    Com- 
pound)     

20  X  10-5 

19 
20 

i6-S 

These  were  colloidal  solutions  prepared  as  previously  described. 

Table  IV. 
Microscope  Metlwd.     Temperature  18-20°  C. 


Substance. 

Speed, 
Cms.  per  second  per 

Tolt  per  cm. 

Alizarine 

26  X 

10 

-5 

Colloidal  Solution  pre- 
pared as  before 

Triphenylmethane 

45 

Ditto 

China  Clay 

... 

36 

Pure  Water  Suspension 

Silicic  Acid 

30 

Tannic  Acid 

27 

Benzopurpurine  4B. 

Po- 

tassium  Salt    ... 

... 

52 

y} 

ErikaB.N.  Potassium  Salt 

60 

Rubber  Latex    ... 

... 

28 

Sulphur 

27 

From  Acetone  Solution 

These  results  show  that  the  speed  of  travel  in  each  case  is  of  the  same  order. 
In  the  case  of  colloidal  platinum  prepared  by  Bredig's  method  we  obtained 
20  X  lo-s.  This  agrees  with  the  result  of  Burton,  but  is  lower  than  that  of 
Rolla,  who  gives  24  x  lo-s.  The  exceptionally  high  speeds  of  the  salts  of 
benzopurpurine  and  erika  may  be  due  to  their  partial  solubility  in  the  water. 

The  speed  was  found  to  vary  directly  with  the  electrical  field.  This  is 
shown  in  the  following  example  with  triphenylmethane  (10  per  cent,  alcohol) 
solution,  in  which  the  microscope  was  used  : — 

Table  V. 


Voltage. 

Time. 
Seconds. 

Speed. 
Cms.  per  second  per  volt  per  cm. 

10 
20 
297 
37-0 

16 
II 

9 

47-6  X  10-5 

47'6      „ 
46-6      „ 

457      » 

Length  of  electric  field,  1*27  cms. ;  measured  distance  travelled,  0*12  cms. 
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The  influence  of  solubility  combined  with  concentration  of  alcohol  in  the 
case  of  alizarine  containing  i  part  in  10,000  of  varying  mixtures  of  alcohol 
and  water  is  shown  below  : — 

Table  VI. 


strength  of  Alcohol. 
Per  Cent. 

Speed, 
cms./sec— volt/cm. 

2-5 

50  X   IQ-S 

5 
10 

47 
28 

12-5 

22 

25 

13 

50 

0 

With  the  50  per  cent,  practically  all  the  alizarine  was  dissolved,  only  a  few 
particles  remaining  for  examination,  and  these  showed  no  movement. 

Influence  of  Temperature  on  Speed. 
In  the  case  of  dyes  it  is  of  the  utmost  importance  to  make  observations 


Fig.  4. 


Fig.  5. 


at  temperatures  between  40-100°  C,  the  limits  generally  used  in  practice. 
Experiments  made  with  cold  dyes  will  be  of  much  less  value,  owing  to  the 
destruction  of  colloidal  solutions  and  the  dissociation  effects  at  the  higher 
temperatures. 

Great  difficulty  was  found  in  obtaining  speeds  by  the  U-tube  method  at 
increased  temperatures  owing  to  the  convection  currents  produced.  This 
was  also  the  case  when  the  microscope  method  was  applied  to  different 
types  of  horizontal  cells.  The  best  results  were  obtained  with  the  micro- 
scope placed  horizontally,  as  shown  in  Fig.  4,  where  de  is  the  cell  shown 
in  Figs.  2  and  3,  placed  within  a  glass  tank  A  B,  also  shown  in  Fig.  5,  having 
a  prism  P  cemented  on  the  back.  This  prism  enabled  the  particles  to  be 
illuminated.  The  liquid  examined  was  that  portion  held  within  a  narrow 
space  between  the  glass  slide  and  the  front  wall  of  the  tank.  The  liquid 
was  heated  before  being  poured  into  the  tank,  and  the  temperature  observed 
at  the  actual  time  of  observation. 
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P  Using   the   i  in    10,000   10  per   cent,  alcohol   colloidal  solution  of  pure 
alizarine  the  following  results  were  obtained  : — 

Table  VIL 


Temperature. 

Speed. 

°C. 

cms. /sec.  —  volt/cm. 

16 

217  X  10-5 

22 

25-4 

30 

45'6 

33 

53-3 

40 

7i"o 

45 

OI'O 

48 

53'3 

60 

45'6 

Filtration  under  Pressure. 
The  apparatus  used*  for  this  purpose  is  shown  in  Fig.  6.    A  glass  tube 


Fig.  6. 

10  cms.  long  and  i^  cms.  diameter  was  provided  with  platinum  electrodes 
and  ground-glass  caps.  The  cotton  or  other  material  was  placed  within  the 
tube.  The  lower  cap  had  a  piece  of  glass  tubing  attached,  which  had  its 
lower  end  immersed  in  a  glass  measuring  cyHnder  C.  The  upper  part  of  the 
tube  was  connected  through  a  filtering  flask  F  to  a  mercury  manometer  M 
and  a  vacuum  pump.     The  potential  difference  produced  was  measured  by 
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the  use  of  a  Carpentier  silvered  mica  condenser,  which  allowed  the  capacity 
to  be  varied  from  o-i  to  2  microfarads.     This  was  charged  from  the  platinum 
electrodes,  and  then  discharged  into  a  suitable  galvanometer. 
The  materials  used  were  : — 

(i)  Cotton  yarn,  bleached  and  thoroughly  washed. 

(2)  Wool  sliver,  scoured  and  thoroughly  washed. 

(3)  Silk  yarn,  boiled  off  and  well  washed. 

(4)  Mercerised  cotton,  bleached  and  washed. 

(5)  Wool  sliver,  boiled  with  1/2  per  cent,  solution  of  sulphuric  acid  and 

thoroughly  washed  with  cold  water. 

The  results  are  given  in  the  tables. 

Table  XI. 
Mercerised  Cotton  at  16°  C. 


Pressure, 
P. 

Flow, 
F. 

Voltage, 

V/P. 

.  V/F. 

(mms.  Mercury.) 

(c.c.s  per  min.) 

90 



—0-065 

0-00072 



no 

2'24 

-0-093 

-00084 

0-0415 

286 

5-00 

-0-33 

•001 18 

-0660 

400 

6-25 

-0-49 

-00122 

•0785 

530 

770 

—0-69 

•00130 

•0895 

605 

— 

—0-81 

•00134 

— 

630 

9'54 

-0-83 

•001 3 1 

•0870 

Table  XII. 
Effect  of  Temperature. 


Cotton. 

Silk. 

Wool. 

P  =  150  mms. 

P  = 

=  150  mms. 

P=  210. 

Temp. 

OC. 

Voltage. 

Temp. 
oC. 

Voltage. 

Temp. 

OC. 

Voltage. 

16 

— 0*090 

17 

-0-57 

16 

-0-37 

30 

•120 

19 

•60 

41 

•57 

35 

•140 

30 

•62 

60 

•41 

4.0 

•141 

35 

•67 

p 

•31 

45 

•122 

45 

•62 

84 

•22 

60 

•087 

55 

•55 

88 

•24 

70    . 

•055 

60 

•49 

90,  . 

■^Z 

75 

•039 

65 

•44 

91  boils 

•18 

80 

•040 

75 

82 

•36 

85 

•068 

80 

•24 

78 

•43 

Flow  at  16° 

.90 

•22 

75 

•46 

10  c.c.s  m  130  sees. 

93 

•26 

70 
50 

•54 
■79 

• 

40 
30 

20 

•91 
•85 
•65 

Flow  at  40° 

10  c.c 

s  in  38  sees. 
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Table  XIIL 

Wool  Boiled  with  Acid,     Water  at  Different  Temperatures. 


Temperature  Rising. 

Voltage. 

Temperature  Falling. 

Voltage. 

15°  c. 

+0-099 

85°  c. 

+0-082 

20° 

+    -093 

78° 

-   -043 

25° 

+    -092 

60° 

-  -153 

30° 

+    -087 

50° 

-    -185 

35° 

+    -086 

45° 

—    -200 

40° 

+    -082 

35° 

-   -214 

50° 

+    -089 

30° 

—    -240 

60° 

+    -088 

25° 

—   "250 

80° 

+    '110 

20° 

—   -270 

95° 

+    -160 

15° 

—   -300 

> 


o 


o     i- 


O 


o     J. 

> 
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On  examining  Table  VIII.,  it  will  be  seen  that  as  the  pressure  increases 
the  ratio  V/P  becomes  constant  after  a  certain  point.  In  Series  III.  the  rate 
of  flow  was  also  measured,  and  the  value  of  V/F  is  found  to  be  more  nearly 
constant  than  V/P. 

In  Table  IX.  with  wool  the  value  V/P  increases  with  P,  and  in  Series  III. 


O 


■3  r^ 
>    • 


V/F  increases  with  the  rate  of  flow.  This  is  also  true  of  Table  X.  Mercerised 
cotton  behaves  like  ordinary  cotton,  as  shown  in  Table  XI. 

In  Table  XII.  the  results  are  shown  of  gradually  increasing  the  tempera- 
ture of  the  flowing  liquid.  These  results  are  plotted  in  Figs.  7,  8,  and  9.  It 
will  be  seen  that  at  40°  C.  and  80°  C.  points  of  change  are  indicated. 

In  Table  XIII.  the  results  for  wool  which  has  been  treated  with  acid  are 
given  for  different  temperatures. 
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Calculation  of  Potential  Difference. 
From  the  formula — 

47r  TjV 


o 

>  - 


oo  (^  ^  CM 

which  is  expressed  in  electrostatic  units,  we  obtain — 


_  47r  ^V 


300)-^ 


where  e^  and  H^  are  in  volts.  Taking  K  =  80,  H  =  i  volt  (per  cm.),  a 
velocity  V  of  20  x  lo-^  cms.  per  second,  and  for  rj  the  value  0-0x140,  we 
obtain  for  the  potential  difference  a  value  of  about  0-03  volt.     This  value  is 
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about  the  same  for  all  the  colloidal  solutions  and  suspensions  examined.  It 
is  also  the  same  for  colloidal  platinum. 

In  the  case  for  filtration  under  pressure  we  have  for  electromagnetic  units 
of  resistance  and  volts — 

K     pp 

This  gives  for  the  figures  of  our  experiments  the  following  approximately 
average  values  for  the  contact  differences  between  water  and  the  materials 
used — 

Volt. 

Cotton       ...         ...         ...         ...         ...         ...     o*o6 

Silk  ...         ...         ...         ...         ...         ...     0-22 

Wool         ...         ...         ...         ...         ...         ...     o'09 

The  endosmose  formula  can  only  be  approximately  applied  for  finding 
the  value  of  e,  for  the  reason  that  it  contains  the  value  of  q,  the  total  cross- 
section  of  the  capillary  tubes.  Perrin  has  obtained  an  approximate  value  for 
the  pores  in  the  case  of  a  diaphragm  of  chromic  chloride  and  dilute  acid, 
between  which  substances  he  calculates  the  potential  difference  of  0*025  volt. 
We  may,  however,  eliminate  q  if  we  measure  the  strength  of  the  current,  C, 
employed  in  the  endosmose  tube,  for  then  the  expression  becomes — 

KpC 

We  have  employed  this  method,  using  a  modified  type  of  Perrin  apparatus 
into  which  fabrics  could  be  placed,  and  find  for  one  sample  of  cotton  o'02 
volt.     Further  experiments  are  in  progress  by  this  method. 

Although  the  difference  of  potential  is  a  relatively  small  value  between 
the  fabric  and  the  liquid,  yet  if  the  attraction  between  the  two  is  at  all  com- 
parable to  that  between  two  planes  as  given  by  the  formula — 

(where  F  is  the  force  per  cm.^  and  t  is  the  distance  between  the  planes),  the 
value  is  a  considerable  one,  owing  to  the  small  value  (perhaps  only  of  the 
order  io~^  cms.)  between  the  planes. 

It  is  very  important  to  discuss  the  influence  of  temperature  on  the  value 
of  the  potential  difference.  We  find  that  Cruse  *  had  already  obtained  an 
apparent  maximum,  between  35°  and  40° C,  for  the  rate  of  endosmose  of  water 
through  porous  earthenware.  This  is  criticised  by  M.  von  Smoluchouski,f 
for  the  reason  that  the  rate  of  increase  of  the  electrical  conductivity  is  not 
compensated  by  the  decrease  in  viscosity.  We  have  accordingly  examined 
our  results  to  find  what  difference  will  be  made  in  our  curves  when  they  are 
reduced  to  contact  differences.     Taking  the  formula  in  the  form — 

P      pK 

in  which  ^irjp  is  kept  constant,  then  for  each  value  of  E,  that  of  e  will  be 
raised  or  lowered  according  as  nlpK  is  greater  or  less  than  unity. 

We  have  measured  p  for  a  sample  of  the  water  used  in  the  experiments, 

Phys.  Zeit.,  6,  p.  201,  1905. 
IbuL,  6,  p.  529,  1905. 
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adopting  the   values    of  rj  given  by  Landolt  and  Bornstein,   and   those    of 
K  given  by  Drude,  and  obtain  the  results  given  belovi?  : — 


Temperature, 

K. 

n/p. 

M/pK. 

°C. 

1- 

p- 

Relative  Values. 

Relative  Values. 

15 

•01 1 3^ 

10^98  X  10" 

82^0 

1-03 

I^26 

20 

•01002 

10^04 

8o^i 

©•998 

1-25 

25 

•00891 

9"25 

78-2 

•963 

1-23 

30 

•00798 

8-50 

76-6 

•939 

1-23 

40 

•00654 

7"3o 

73 '4 

•896 

1-22 

50 

•00548 

6-45 

70^0 

•850 

I'2I 

60 

•00468 

570 

67^1 

•821 

1-22 

70 

•00406 

5-02 

64-8 

•809 

1^22 

80 

•00356 

4'5o 

61-5 

•791 

1-30 

This  table  shows  that  unless  there  is  some  other  factor  that  ought  to  be 
included,  our  curves  indicate  fairly  well  the  change  of  e  with  temperature. 
It  should  be  remarked  that  the  original  formula  of  Helmholtz  did  not  include 
the  value  of  K.  It  has  been  introduced  by  Perrin  in  accordance  with  the 
suggestion  of  Pellat. 


Part  II. 

The  first  question  which  requires  an  answer  in  considering  the  electrical 
theory  is,  "  What  is  the  nature  of  the  dyeing  solutions  ?  "  Pelet-Jolivet  and 
Wild  *  conclude  that  they  behave  as  electrolytes,  and  in  the  case  of  benzo- 
purpurine,  chrysophenine,  soluble  blue,  erika,  and  naphthol  yellow,  Knecht  and 
Batey  f  liave  shown  undoubtedly  that  their  solutions  are  electrolytes.  Now 
since  the  dyeing  solutions  are  usually  employed  hot  and  dilute,  the  ionisation 
must  be  fairly  complete.  Thus  a  suitable  bath  for  dyeing  wool  with  crystal 
scarlet  (a  sodium  salt  of  the  molecular  weight  of  502)  would  be  ;  Water 
100  times  the  weight  of  the  wool,  and  crystal  scarlet  5  per  cent,  on  the  weight 
of  the  wool.  This  gives  a  solution  about  yo'go  normal,  and  it  would  be  used 
at  90°  C.  to  100"  C. 

The  experiments  described  in  Part  I.  have  shown  that  wool  and  silk  are 
negatively  electrified  in  contact  with  water,  and  the  electrification  apparently 
increases  up  to  40°  C.  and  then  decreases.  Hence  in  dyeing  wool  or  silk 
which  are  "  wet  out,"  before  entering  the  dye  vat  they  must  have  a  negative 
charge.  Suppose  the  dye  be  basic  and  represented  by  n  —  P,  where  n  is  a 
small  negative  ion,  and  P  a  large  positive  organic  basic  ion.  These  ions  will 
be  free,  and  when  the  wool  or  silk  is  placed  in  the  solution  the  basic  ions 
will  be  attracted  by  the  negatively  electrified  fibres,  and  be  fixed  by  some 
process  which  cannot  yet  be  considered  as  properly  understood. 

The  small  ions  will  combine  with  the  H-ions  which  are  present  in  the  so- 
called  double  layer.  If  inorganic  electrolytes  are  also  present  in  the  solution 
and  are  of  an  alkaline  nature,  they  will  tend  to  make  the  fibrfe  still  more 
negative,  and  will  assist  the  process  of  dyeing. 

In  the  case  of  acid  dyes  we  deal  with  substances  of  the  nature  />  —  N, 
where  p  is  now  a  small  positive  ion  and  N  a  larger  negative  ion.  In  this  case 
acid  is  either  added  to  the  bath  or  the  fabric  has  been  previously  boiled  with 


*  Rev.  Gen.  des.  Mat.  Col.,  p.  9, 
t  J.S.D.C,  25,  p.  194,  1909. 
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acid.  In  each  case  the  fibre  takes  a  positive  charge,  as  shown  by  our 
experiments.  The  result  will  be  that  N  will  be  attracted  to  the  positively 
electrified  material,  whilst  p  will  form  a  salt  in  the  vat. 

This  alone  is  a  simple  statement  of  the  electrical  theory,  and  there  are 
many  facts  which  it  seems  to  explain.  Thus  Knecht  has  shown  that  when 
wool  and  silk  are  dyed  with  basic  colours  until  the  dye  bath  is  exhausted, 
the  whole  of  the  HCl  is  left  quantitatively  in  the  bath.  We  have 
found  that  in  dyeing  tanned  cotton  with  a  colloidal  solution  of  night-blue 
picrate  the  picric  acid  was  likewise  left  quantitatively  in  the  bath.  In  these 
cases  the  negatively  charged  fabric  appears  to  take  up  the  whole  of  the 
positively  charged  complex  ion.  Knecht  has  also  shown  that  in  dyeing  wool 
with  the  magnesium  salt  of  crystal  scarlet  (an  acid  dye)  in  presence  of  free 
acid  the  magnesium  was  left  quantitatively  in  the  bath.  Here  the  +  charged 
fabric  attracts  the  — ve  acid  and  repels  the  +ve  base. 

We  have  not  dealt  with  "  Direct  Dyeing  "  because  salts  are  added  to  the 
bath.  These  additions  alter  the  conductivity,  viscosity,  and  dielectric  constant, 
and  Perrin states  that  the  "contact-charge"  is  reduced.  We  are  investigating 
these  points. 

The  ionising  liquids  are  those  which  produce  strong  electrification  by 
contact,*  and  it  is  in  such  liquids  that  dyeing  is  possible.  The  so-called 
"dry"  dyeing  processes  are  carried  on  with  alcohol,  which  is  an  ionising 
liquid,  or  more  frequently  with  aqueous  alcohol,  in  which  the  ionising  power 
is  greater.  The  use  of  benzole  for  dyeing  is  only  possible  when  water  is 
present  either  in  the  solution  or  the  fabric,  for  benzole  is  a  poor  ionising 
liquid.  On  the  other  hand,  the  bleeding  or  even  complete  removal  of  the 
dye  from  a  dyed  fabric  is  only  possible  by  ionising  liquids.  A  good  example 
is  wool  dyed  with  picric  acid.  This  acid  can  be  extracted  from  the  fibre  by 
alcohol  but  not  by  benzene.  It  is  also  interesting  to  note  that  dry  wool  will 
not  dye  from  a  benzene  solution  of  picric  acid. 

It  has  been  shown  by  Burton  f  that  alcohol  favours  the  production  of  posi- 
tive ions  only,  and  therefore  when  added  to  wool  the  negative  charge  is 
likely  to  be  destroyed,  and  so  prevent  the  assimilation  of  a  positive  base. 

When  acid  (such  as  HoSO^)  is  used  in  dyeing  it  is  required  to  set  free  the 
colour  acid,  but  in  practice  it  is  known  that  an  excess  of  acid  is  very 
desirable.  The  reason  of  this  has  not  been  satisfactorily  explained. |  If  we 
accept  the  electrical  theory,  then  the  extra  acid  will  be  required  to  make  the 
fibre  take  a  positive  charge.  It  is  possible  that  in  the  case  of  a  very  strong 
acid  colour  the  colour  acid  may  itself  be  sufficient  to  produce  a  positive 
charge  on  the  fabric. 

Another  interesting  application  of  the  electrical  theory  appHes  to  the 
filtration  of  dyes  through  various  media.  Neutral  bodies  such  as  sand  are 
able  to  retain  certain  dyes.  Since  these  bodies  take  a  negative  charge  in 
pure  water  they  ought  to  be  able  to  absorb — and  not  simply  filter  off — basic 
colours  in  neutral  solutions.  The  case  of  animal  charcoal,  which  absorbs 
acid  colours  in  acid  solution,  is  likewise  explained,  since  this  takes  a  strong 
positive  charge,  probably  owing  to  nitrogenous  substances  §  present.  It  will 
appear  from  the  experiments  of  Lewis  ||  that  absorption  does  not  explain  the 
large  amount  of  dye  that  is  taken  up.  No  doubt  surface  action  will  be 
sufficient  to  explain  the  relatively  small  amount  of  dye  adsorbed  in  the  case 
of  sand  and  graphite  when  acid  colours  are  used. 

*  Perrin,  Jour.  Cliim.  Pliys.,  2,  p.  619,  1904. 

t  Phil.  Maf>.,  II,  p.  445,  1906. 

I  See  Dreaper,  pp.  89-91. 

§  Knecht,  J.S.D.C,  25,  p.  266,  1909.  ||  Phil.  Mag.,  1908. 
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A  strong  confirmation  of  the  electrical  theory  is  afforded  by  the  amount 
of  absorption  of  dye  stuffs  at  different  temperatures.  Brown  "  has  shown 
that  with  basic  colours  the  maximum  amount  of  dye  stuff  absorbed  is  at  about 
40°  C,  and  is  a  minimum  at  about  80°  C.  Our  results  show  that  the  maximum 
negative  charge  is  apparently  attained  at  about  40°  C,  and  the  minimum  at 
about  80°  C,  the  nature  of  the  fibre  having  but  little  effect.  A  comparison 
of  the  curves,  Figs.  7,  8,  and  9,  with  the  curves  given  for  the  dyeing  with  basic 
colours  f  shows  very  marked  similarity. 

It  is  known  that  the  dyeing  of  acid  colours  on  wool  is  best  performed  at  a 
boiling  temperature.  In  one  of  our  experiments  on  wool  boiled  with  acid  we 
found  that  the  wool  had  a  positive  charge  at  85^,  which  decreased  and 
changed  to  negative  on  cooling.  This  may  help  to  explain  why  wool  boiled 
"  with  acid  and  subsequently  washed  has  a  considerably  decreased  affinity 
for  basic  dyes,  but  its  affinity  for  acid  dyes  is  increased."  | 

The  effect  of  the  addition  of  Na2S04  to  acid  dye  baths  is  to  cause  a 
restraining  action  and  diminish  the  rate  of  the  absorption  of  colour,  and  this 
continues  after  the  amount  of  sulphate  added  has  been  sufficient  to  form 
bisulphate.  This  is  evidence  that  the  salt  diminishes  the  positive  character 
of  the  charge,  as  Perrin  proves. 

Colloids  in  Dyeing. 

Ullramicroscopic  Examination. — Teague  and  Buxton  §  and  L.  Pelet-Jolivet 
and  Wild  jl  have  given  classifications  of  dyestuft's  as  colloidal,  slightly  colloidal 
and  non-colloidal,  and  amongst  those  of  a  distinctly  colloidal  nature  are  Congo 
red  and  benzopurpurine.  Michaelis  *}  also  states  that  benzopurpurine  is 
colloidal. 

We  have  examined  solution  of  a  pure  sample  of  benzopurpurine  4B 
(K  salt) — as  used  by  Knecht  and  Batey''=*  in  their  experiments — in  the 
ultramicroscope  of  Siedentopf  and  Zsigmondy  made  by  Zeiss.  The  greatest 
difficulty  in  all  ultramicroscopic  examinations  is  the  preparation  of  water  free 
from  particles.  The  best  results  we  have  obtained  have  been  by  distilling 
the  water  twice  and  then  filtering  through  a  Pukall  filter  with  a  vacuum 
pump,  until  a  sample  examined  in  the  ultramicroscope  showed  not  more 
than  two  particles  in  the  field  at  the  same  time.  As  the  volume  examined 
was  3*5  X  io~^  C.C.,  each  particle  corresponds  to  about  3  x  10°,  or  three 
hundred  million  particles  to  the  litre. 

A  solution  of  benzopurpurine  i  part  in  100,000  was  filtered  through  the 
same  filter,  the  strength  of  the  filtered  solution  being  ascertained  by  com- 
parison with  the  original  solution  in  a  tintometer.  Although  this  method  is 
not  exact,  it  is  sufficient  for  our  purpose.  The  solution  contained  one  part  of 
benzopurpurine  in  about  125,000  water,  and  the  number  of  particles  found 
was  the  same  as  that  in  the  water.  The  addition  of  filtered  sodium  sulphate 
solution  did  not  produce  any  visible  particles.  The  benzopurpurine  is  there- 
fore either  not  colloidal  or  its  particles  are  too  small  to  be  resolved  by  the 
arc-light. 

Taking  the  mass  of  the  hydrogen  atom  as  lo-^-*  grams,  the  mass  of  a 
molecule    of    benzopurpurine    (mol.   wt.   756)    will    be   7*5  x  lo"^^   grams. 

*  T.S.D.C,  17,  p.  92,  1901. 
f  Dreaper,  p.  99. 

I  Ibid.,  p.  91. 

§  Zeit.  fi'ir  Phys.  Chemie,  1907,  p.  469. 

II  Comptcs  Rendns,  October  19,  1908. 

^1  Colloids  and  the  Ultramicvoicopc,  Zsigmond}',''p.  206. 
**  Soc.  Dyers  and  Col. 
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Zsigmondy  *  places  the  limit  of  visibility  by  the  arc-light  as  a  linear  dimen- 
sion of  15  fxix,  or  i'5  X  lo"''  cms.  diameter.  This  corresponds  to  a  spherical  f 
volume  of  18  x  io~'9  c.c,  and  if  the  sp.  gr.  is  taken  as  i"5,  corresponds 
to  27  X  io~'9  grams.  Each  visible  particle  would  therefore  represent 
3,600  molecules ;  any  particle  containing  a  less  number  of  molecules  than 
this  would  be  invisible  by  arc-light. 

The  limit  by  sunlight  on  the  brightest  possible  days  is  given  as  5  fifi, 
corresponding  to  a  volume  of  7  X  io""^°  c.c,  or  a  mass  of  10  x  io~^°  grams. 
This  represents  about  130  molecules.  We  have  been  unable  to  obtain  the 
necessary  sunlight  to  carry  the  investigation  to  this  point. 

To  the  benzopurpurine  solution  was  added  an  equal  bulk  of  filtered 
N/io  sulphuric  acid ;  the  colour  turned  blue-violet,  and  showed  no  more 
particles  under  the  ultramicroscope  on  examining  immediately.  On  standing, 
however,  particles  appeared,  and  in  20  minutes  36  X  10^  particles  per  litre 
were  found. 

A  flask  was  prepared  by  boiling  filtered  water  in  it,  and  when  no  particles 
could  be  perceived  in  the  water  by  the  ultramicroscope  the  flask  was  con- 
sidered suitable  for  the  next  experiment.  The  acid  benzopurpurine  solution 
was  boiled  in  this  flask  ;  the  liquid  became  red,  but  returned  to  blue-violet  on 
cooling.     The  solution  now  contained  500  X  10^  particles  per  litre. 

Allowing  for  the  dilution,  the  solution  contained  i  gram  benzopurpurine 
in  250  litres.  There  are  therefore  i'25  x  io'3  particles  per  gram,  and  the  mass 
of  each  particle  about  8  x  io~''»  grams,  assuming  all  the  colour  has  been 
precipitated.  The  mass  of  a  molecule  being  7'5  X  lo-'^-  grams,  each  particle 
corresponds  to  roughly  10^  molecules,  and  taking  the  specific  gravity  as 
I "5,  measures  60  x  io~^  cms.  diameter,  which  is  well  within  the  limit  of 
ultramicroscopic  vision  for  arc-light.  The  sample  contained  98*3  per  cent. 
colour,  i-i  per  cent,  water,  leaving  o*6  per  cent,  impurities  ;  i  gram  thus 
contained  o"oo6  grams  impurities.  As  the  500  x  10^  particles  found  in  the 
above-mentioned  experiment  only  weighed  0*004  grams,  it  is  obvious  how 
necessary  it  is  to  filter  the  solutions.  With  commercial  samples  the  results 
would  certainly  be  unreliable. 

A  solution  of  benzopurpurine  8  grams  per  litre  after  standing  fdr  a  month 
became  gelatinous  and  contained  large  particles  which  would  not  pass 
through  the  filter.  When  20  c.c.  of  this  solution  was  diluted  to  make  it 
200  c.c.  it  showed  a  strong  green  light-cone  when  illuminated  with  a 
powerful  convergent  beam  from  an  arc-lamp.  On  heating,  the  cone 
gradually  decreased  in  intensity  and  at  80°  C.  had  completely  disappeared, 
but  did  not  return  on  cooling.  The  cause  of  the  gelatinisatian  is  not 
known,  but  it  is  evident  that  the  colloidal  nature  disappears  on  boiling. 

Size  of  Particles  and  Speed. — In  the  experiments  given  in  Part  I.  the 
substances  in  Tables  I.  and  II.  were  either  colloidal  solutions  or  suspensions, 
but  the  results  show  that  the  speed  does  not  depend  on  the  size  of  the 
particle  or  its  nature  so  long  as  no  electrolyte  is  present. 

This  agrees  with  the  fundamental  formula — 

d~  K    H  ' 
where  -^  is  a  slipping  coefficient  introduced  by  Lamb.     In  this  formula  the 

size  of  the  particle  does  not  appear,  and  if  it  be  assumed  that  -  is  equal  to 

*  Colloids  and  the  Ultramicroscope,  p.  122. 
t  The  particles  are  not  usually  spherical. 
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unity,  then  the  only  variables  in  the  experiment  will  be  the  dielectric 
constant  K  and  the  viscosity  ju.  The  speeds  were  approximately  the  same 
in  all  the  experiments,  any  variation  being  probably  due  to  traces  of 
electrolytes,  which  have  such  a  great  influence. 

It  is  interesting  to  compare  these  speeds  with  the  speeds  of  ions  in 
electrolysis — 

Copper,  30  X  io~5  cms.  per  second  per  volt  per  cm. 
Cr,0/',  47  X  io~5  cms.  per  second  per  volt  per  cm. 

General  Conclusions. 

The  electrical  theory  as  so  far  developed  explains  how  one  type  of 
colouring  matter  is  selected  in  preference  to  another  by  the  fa,bric,  but  how  the 
colour  is  actually  fixed  to  the  fabric  still  remains  in  doubt.  Provisionally  we 
may  adopt  the  view  that  the  primary  action  depends  upon  electrical  attrac- 
tion, which  is  followed  by  mechanical  actions  and  the  colloidal  precipitation 
with  the  formation  of  aggregates  of  a  complex  character.  Adsorption  is  an 
insufficient  explanation,  as  Lewis  ''■  has  shown,  and  a  solid  solution  theor)'  f  is 
also  not  applicable. 

Perrin  |  has  shown  that  there  are  important  parallel  relations  between  the 
phenomena  of  contact  electricity  and  colloidal  precipitation,  and  Pelet-Jolivet  § 
has  extended  this  to  the  amount  of  dyestuff  taken  up  by  the  fabric  and  also 
to  the  capillary  ascension  of  the  dyes  in  the  fibres.  In  the  latter  case  the 
experiments  of  Pelet-Jolivet  consisted  of  measuring  the  final  height  of  the 
colouring  matter  reached  when  a  band  of  the  absorbent  material  was 
suspended  vertically  in  the  dye-bath.  Here  we  have  a  mixed  phenomenon 
depending  on  surface  tension  and  absorption. 

All  these  phenomena  are  modified  by  the  action  of  temperature,  which 
has  a  most  important  relation  to  the  dyeing  processes.  The  ascertained 
facts  are  collected  in  the  instructive  table  given  on  p.  62. 

Dyeing  with  Colloidal  Solutions. 

From  colloidal  solutions  of  the  positive  substances  : — night  blue,  spirit 
blue,  and  crystal  violet,  all  the  negative  fibres  were  dyed,  the  most  strongly 
negative  fibres,  like  tanned  cotton  and  wool,  taking  the  colours  up  best.  From 
a  colloidal  solution  of  the  compound  of  night  blue  and  picric  acid  which  was 
negative,  the  negative  fibres  took  out  the  positive  part  of  the  compound  and 
left  the  negative  part  in  the  bath.  The  same  effect  was  produced  with 
the  compound  of  chrysophenine  and  crystal  violet. 

Our  thanks  are  due  to  Dr.  Knecht  for  samples  of  pure  dyes  used  in  the 
experiments,  and  to  Principal  J.  H.  Reynolds  and  the  Committee  of  the 
Manchester  School  of  Technology  for  the  facilities  placed  at  our  disposal. 

*  Phil.  Mag.,  vol.  15  (6),  p.  499,  1908. 

f  Walker  and  Appleyard,  Jour.  Client.  Soc,  vol.  69,  part  ii.,  p.  1334,  1896. 

X  Jour.  Clieiu.  Phys.,  vol.  iii.,  p.  85,  1905. 

§  Rci'.  Gen.  Mat.  Color.,  vol.  13,  p.  257,  1909. 
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Table  XIV. 


Laws  of 
Contact  Electricity. 

Laws  of 
Colloidal  Coagulation. 

Laws  of  Dyeing. 

Laws  of 
Capillary  Ascension  in 
Absorbent  Materials. 

Dissociating  liquids  elec- 

Dissociating liquids  pro- 

Dissociating liquids  are 

trify  fibres  strongly  by 

duce    colloidal    solu- 

best for  dyeing  pro- 

contact. 

tions. 

cesses. 

Acids  increase  the  charge 

Acids    make    the    posi- 

Acids     diminish      the 

Acids  increase  the  rise  of 

of  a  fibre  already  posi- 

tive    colloids     more 

dyeing     with     basic 

basic  colours. 

tive. 

difficult  to  coagulale. 

colours. 

Acids      diminish      the 

Acids    coagulate   nega- 

Acids      increase       the 

Acids  diminish  the   rise 

charge     of      a      fibre 

tive  colloids. 

dyeing      with      acid 

of  acid  colours. 

already  negative    and 

colours. 

may  reverse  its  sign. 

All    the  acids   act    with 

Acids  act  according  to 

Acids  act   according  to 

the    concentration    of 

the  concentration  of 

the  concentration   of 

the  H  ions. 

the  H  ions. 

the  H  ions. 

Bases  act  in  the  reverse 

Bases  act  in  the  reverse 

Bases  act  in  the  reverse 

Bases  act  in  the  reverse 

way  to  acids. 

way  to  acids. 

way  to  acids. 

way    to    acids    (bases 
do    not    increase    the 
rise  of  acid  colours). 

By  addition  of  salts — 

By  addition  of  salts — 

By  addition  of  salts— 

By  addition  of  salts — 

I.  The  ions  of  reverse 

I.  The  ions  of  reverse 

I.  The   ions  of  revtrse 

I.  The    ions    of  reverse 

sign  to  that  of  the 

sign   produce   col- 

sign   increase    the 

sign    diminish    the 

fibre      diminish 

loidal  coagulation. 

dyeing  power. 

rise. 

the  charge  of  the 

fibre. 

2.  The    charge    of    the 

2.  The  gel  may  take  a 

2.  The   fibre   may    dye 

fibres  may  be  re- 

reverse sign  to  the 

best  with  the  oppo- 

versed. 

colloidal  particle. 

site  kind  of  colour. 

3.  Polj'valent  ions  have 

3.  Polyvalent  ions  have 

3.  Polyvalent  ions  have 

3.  Polyvalent  ions  have 

the  greatest  effect. 

the  greatest  effect. 

the  greatest  effect. 

the  greatest  effect. 

4.  A      polyvalent      ion 

4.  The  ions  of  the  same 

4.  Ions    of     the    same 

4.  Ions  of  the  same  sign 

does  not  generally 

sign    render     col- 

sign as  that  of  the 

increase  the  rise  of 

increase  the  charge 

loidal        solutions 

fibre  increase    the 

basic    colours     but 

of  a  fibre   already 

more  stable. 

dyeing  effect. 

not  of  acid  colours. 

of  the  same  sign  as 

itself. 

The   charge  of  a   nega- 

The mobility  of  a  nega- 

The  dyeing  of  a  nega- 

tive fibre  is  greatesit  at 

tively.charged  particle 

tive  fibre  with  positive 

about  40°  C. 

is    greatest  at  about 

dye     is     greatest    at 

40°  C. 

about  400  C. 

Otiier  Tanperatnre  Effects. 

1.  Rise  of  temperature  increases  dissociation. 

2.  Rise  of  temperature  increases  conductivity. 

3.  Rise  of  temperature  diminishes  the  dielectric  constant. 

4.  Rise  of  temperature  increases  fluidity. 

5.  Rise  of  temperature  diminishes  surface  tension. 

6.  Rise  of  temperature  increases  diffusion. 

7.  With  other  colours  than  basic  colours  rise  in  temperature  increases  the  amount  of  dye  taken  up. 

8.  Adsorption  is  probably  diminished  by  increase  of  temperature. 

9.  The  solubility  of  most  substances  is  increased  by  temperature. 

10.  Irreversible  colloids  are  coagulated  by  rise  in  temperature  ;   reversible   colloids  are  generally 
converted  from  the  "gel"  state  to  the  "sol"  state  by  rise  in  temperature. 


S^OINT  DISCUSSION   ON  PAPERS  BY  MR.  DREARER  AND 
PROFESSOR   GEE  AND   AIR.   HARRISON. 


Dr.  W.  C.  McC.  Lewis  {communicated)  :  Professor  Gee's  and  Mr 
Harrison's  work  must  be  regarded  as  one  of  the  most  important  contributions 
to  the  subject  of  electrical  endosmose,  especially  their  beautiful  method  of 
showing  the  gradual  transition  from  the  charged  colloidal  state  to  the  state  of 
a  non-electrolyte  in  true  crystalloidal  solution  as  exemplified  by  alizarine  in  a 
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gradually  varying  medium,  as  well  as  the  remarkable  temperature  effects 
which  the  potential  difference  of  the  particles  appears  to  undergo. 

With  regard,  in  the  first  instance,  to  the  setting  up  of  the  U  tube  con- 
taining pure  water  above  and  colloid  below,  I  should  like  to  ask  Professor  Gee 
if  he  considers  the  field  sufficiently  uniform  and  whether  one  is  justified  in 
dividing  the  total  impressed  e.m.f.  by  the  total  length  of  the  liquid  column 
between  the  poles  in  order  to  estimate  the  gradient. 

Further,  with  regard  to  the  question  of  filtration  under  pressure,  I  should 
like  to  ask  Professor  Gee  if  he  has  made  any  determination  of  the  potential 
difference  water/glass  by  using  glass  wool  or  beads  in  the  filter.  This  is  a 
question  of  great  importance  for  all  endosmotic  work.  Experiment  has 
shown  that  with  plugs  of  material  such  as  peat  the  water  flows  in  the 
same  direction  as  the  electric  current  (a  method,  by  the  way,  now  com- 
mercially in  use  to  dry  peat  moss).  The  water  molecules  close  to  the 
walls  in  a  glass  tube  are  very  probably  positively  charged.  These  pass  to 
the  negative  electrode,  become  discharged,  and  in  order  that  the  levels  in 
such  an  apparatus  as  the  U  tube  may  remain  the  same  there  must  be  a  return 
flow  of  water  back  down  the  middle  of  the  tube.  It  all  depends  on  the  magni- 
tude of  this  effect  whether  the  actually  observed  velocity  of  the  suspended 
particles  will  be  influenced  or  not.  At  any  rate  it  should  tend  to  cause  the 
shape  of  the  boundary  colloid/water  to  alter  from  the  horizontal.  In  working 
with  oil  emulsions  I  found  by  the  U-tube  method  the  potential  difference 
oil/water  to  be  o"05  volt,  i.e.,  much  the  same  as  for  other  suspensions 
and  colloids.  Now  if  we  assume  that  the  thickness  of  the  double  layer  is 
of  the  order  io~^  cm.  we  find  that  the  potential  gradient  at  the  surface  of  the 
particle  is  of  the  order  of  one  million  volts  per  cm.  Does  Professor  Gee 
think  this  could  be  borne  by  water  without  something  analogous  to  sparking 
taking  place  ? 

This  question  of  the  endosmose  of  the  solvent  itself  bears  some  relation,  I 
think,  to  Lodge's  value  for  the  absolute  velocity  of  H*  ion  as  measured  by  its 
motion  through  a  set  gelatine  solution.  Jellies  are  now  regarded  as  fine  net- 
works, offering,  of  course,  a  large  interfacial  area,  probably  with  double  layer 
attached,  and  on  putting  on  an  external  e.m.f.  one  would  expect  the  water  as 
a  whole  to  move  forward  towards  the  cathode.  It  is  just  possible  that 
Lodge's  determination  is  vitiated  owing  to  this,  and  that  the  remarkably  high 
value  he  obtained  was  really  owing  to  the  velocity  with  which  the  solvent 
carried  the  H*  ions  along  with  it. 

By  the  way,  if  instead  of  making  use  of  the  Helmholtz-Lamb  formula  we 
employ  the  Stokes  formula,  rather  curious  consequences  are  met  with  both  in 
the  case  of  colloids  and  ions. 

In  Part  II.  Professor  Gee  speaks  of  the  fact  that  dyes  are  generally  used 
hot  and  dilute,  and  that  under  these  circumstances  ionisation  must  be  con- 
siderable. Hydrolysis  will  also  be  favoured  by  the  same  conditions,  and  as 
many  dyestuff  s  are  salts  (usually  alkali  salts)  of  very  weak  acids,  there  is  every 
probability  that  the  dye  salt  is  nearly  completely  hydrolysed,  giving  caustic 
alkali  (which  would  account  for  the  conductivity)  and  the  complex  organic 
acid  in  the  colloidal  state.  One  of  the  substances  (not  a  dye,  however) 
examined  by  Professor  Gee,  namely,  aluminum  stearate,  might  be  expected  to 
give  rise  to  even  more  complex  results,  as  both  hydrolytic  base  and  acid  are 
colloidal.  Hydrolysis,  in  fact,  rather  complicates  the  simple  electrical  theory 
which  Professor  Gee  to  a  certain  extent  favours. 

I  notice  that  Professor  Gee  and  Mr.  Harrison  use  the  phrase,  "  the  H-  ions 
which  are  present  in  the  so-called  double  layer,"  evidently  meaning  that  the 
double  layer  is  due  to  electrolytic  ions.     At  the  present  stage  we  have  no  very 
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conclusive  evidence  pointing  one  way  or  another,  but  there  is  one  argument, 
I  think,  in  favour  of  supposing  tlie  potential  difference  is  of  electronic 
origin — namely,  the  extraordinary  similarity  in  the  value  of  the  potential 
difference  (about  0*04  volt)  for  very  different  kinds  of  colloids,  sus- 
pensions, emulsions,  and  filter-plugs ;  and  in  addition  (as  Burton  has 
shown)  the  same  order  of  magnitude  obtains  for  colloids  in  different  media, 
as  methyl  alcohol,  ethyl  alcohol  and  ethyl  malonate.  If  these  effects  are  due 
to  electrolytic  ions  of  very  different  type,  it  is  remarkable  that  they  should 
give  rise  to  approximately  the  same  potential  difference. 

With  regard  to  the  "  Adsorption  Theory  of  Dyeing,"  one  important  fact 
should  not  be  overlooked,  namely,  the  marked  lowering  effect  which  dye- 
stuffs  possess  on  the  surface  or  interfacial  tension  of  the  solvent,  while  elec- 
trolytes such  as  simple  inorganic  salts  have  relatively  very  feeble  effect.  On 
Gibbs'  theory,  dyestuffs  should  suffer  marked  surface  concentration,  and  this 
is  undoubtedly  the  first  step  in  the  process  of  dyeing.  When  this  stage  is 
reached  it  seems  extremely  liliely  that  electrical  interchange  or  neutralisation 
does  occur,  but,  as  Professor  Gee  says,  the  matter  does  not  go  much  further. 
Of  course,  true  adsorption  cannot  of  itself  account  for  dyeing,  for  adsorption 
is  a  reversible  process  and  fast-dyeing  is  essentially  irreversible. 

Dr.  V.  H.  Veley  remarked,  with  reference  to  the  paper  of  Messrs.  Hal- 
dane  Gee  and  Harrison,  that  though  he  possessed  no  special  knowledge  in 
the  technology  of  dyeing,  yet  he  was  greatly  interested  in  the  optimum  tem- 
perature of  40°,  as  given  in  Table  VIII.  for  the  speed  cms./sec. -volt/cm.,  and 
the  same  optimum  was  also  brought  out  in  the  results  given  in  Tables  XII. 
and  XIII.,  put  into  graphs  in  Figs.  7,  8,  and  9.  This  same  optimum  tem- 
perature of  40°  or  thereabout  came  out  in  so  many  changes  which  might 
be  regarded  as  physical  or  physiological,  according  to  the  particular  frame 
of  mind  of  the  investigator.  Thus  Clausen  {Landwirthschaftliche  Jahrsbiicher, 
ig,  833  (1890),  has  shown  that  the  rate  of  evolution  of  carbon  dioxide  from 
seeds  and  flowers  reaches  its  maximum  at  40°,  thence  rapidly  decreases  ;  the 
graph  in  terms  of  temperature  as  abscissae  and  amount  of  carbon  dioxide  as 
ordinates  was  very  similar  to  the  graph  Fig.  7  between  the  range  15°  to  70°. 
V.  H.  Blackman  has  also  shown  that  the  assimilation  of  carbon  dioxide  by 
leaves  reaches  its  maximum  at  40°  to  45°,  and  thence  very  rapidly  decreases. 
Dr.  Waller  and  the  speaker  {Proc.  Roy.  Soc,  B,  82,  207  (1910) )  have  also 
observed  that  with  increasing  temperature  contractility  of  isolated  muscle 
(as  measured  by  induction  shocks)  decreases  until  a  vanishing  point,  namely, 
40°,  is  reached.  The  ascending  point  of  the  curve  Fig.  7  might  equally  repre- 
sent the  rate  of  increase  of  coagulation  of  a  protein.  A  similar  type  of  graph 
represents  the  decomposition  of  indican  into  indoxyl  and  glucose  (Beyerinck, 
Verslagen  Kon.  Akad.  van  Wetcnschappen,  Amsterdam,  8,  572  (1906)).  The 
speaker,  so  far  as  he  was  able  to  judge  upon  a  matter  in  which  he  was  only 
generally  conversant,  thought  that  the  communication  of  the  authors  set 
forth  the  electrical  theory  of  dyeing  in  a  most  exact  and  clear  manner  ;  the 
working  out  of  the  various  experimental  methods  must  have  been  the  result 
of  much  thought  and  labour. 

Dr.  H.  Borns  :  The  examination  of  colloids  by  Professor  Gee  and  Mr. 
Harrison  with  the  aid  of  the  ultramicroscope  is  very  interesting.  Larguier 
des  Bancels  has  made  similar  experiments  on  colloids.  I  should  like  to  ask 
them,  whether  they  have  noticed  the  researches  of  Kossonogow,  published 
in  the  Physikalische  Zeiisclirift  of  December  15,  1909.  Kossonogow  studies  the 
electrolysis  of  silver  nitrate,  copper  sulphate,  and  other  electrolytes,  dissolved 
in  water  and  other  solvents,  with  the  ultramicroscope.  Some  bright  specks 
in    Brownian   motion  are   seen  before   the  current   is    turned    on.     Those 
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specks  might  be  dust  particles.  But  they  increase  in  number,  when  the 
current  is  turned  on,  they  wander  to  the  electrodes  at  the  known  rates  of 
the  ions,  and  they  are  deflected  by  a  magnetic  field,  while  only  a  few  bright 
particles  and  no  directed  migration  are  seen  when  benzol  is  the  solvent. 
Most  remarkable  is,  further,  the  observation  that  the  number  of  particles 
increases  noticeably  when  a  certain  critical  potential  is  reached.  The  par- 
ticles then  crowd  near  the  cathode  ;  but  there  is  always  a  dark  space  next  to 
the  cathode  with  a  well-defined  boundary,  reminding  one  of  the  dark  cathode 
space  of  the  discharge  through  gases,  and  when  the  surface  of  the  cathode 
is  not  plane,  but  curved  in  different  ways,  a  dark  space  of  uniform  width 
can  always  be  distinguished.  The  conclusion  appears  to  be  justified  that 
we  see  in  these  bright  particles,  if  not  single  ions,  at  any  rate  groupings 
in  which  the  ions  are  concerned. 

Mr.  "W.  P.  Dreaper:  The  general  position,  as  disclosed  by  this  able 
paper,  shows  that  fibres  during  the  time  of  dyeing  may  assume  a  definite 
electrical  potential  as  compared  with  the  solution.  This  may  be  either 
positive  or  negative,  and  may  be  controlled  or  varied  by  the  presence  of  acids, 
electrolytes,  &c.  The  authors  seem  to  have  demonstrated  that  this  active 
condition  may  actually  exist  in  the  case  of  fibres  and  possibly  play  some 
part  in  dyeing.  In  order  to  give  such  a  condition  significance  under  the 
ionic  hypothesis,  a  state  of  almost  complete  dissociation  of  the  dye  in  solu- 
tion is  assumed  to  be  a  necessary  factor  under  the  conditions  of  the  maximum 
dyeing  effect.  There  are,  however,  many  points  which  require  further  con- 
sideration before  this  theory  can  be  generally  accepted  as  playing  a  direct 
part  in  dyeing. 

The  conditions  of  dyeing  cotton  with  the  direct  or  tetrazo  dyes  (which  are 
salts  of  sulphonic  acids,  and  under  the  electrical  theory  may  therefore  be 
regarded  as  acid  dyes)  in  alkaline  solutions  seems  to  indicate  a  reversal  of  the 
required  conditions,  and  as  in  the  case  of  salts,  which  salt  out  the  dyes  and 
yet  assist  the  dyeing  action,  seems  very  hard  to  explain  under  electrical 
theory,  which  demands  a  condition  of  molecular  dissociation. 

Any  way  the  action,  if  it  exists,  should  tend  to  control  or  influence  the 
surface  concentration  of  the  dye  within  the  fibre  area,  and  I  should  like  to 
ask  the  authors  if  they  regard  this  action  generally  in  the  light  of  an  electrical 
phenomenon.  It  is  suggested  that  the  complete  dissociation  into  ions  rather 
than  the  aggregation  of  the  molecules  is  a  determining  factor  (so  far  as  the 
dye  is  concerned)  in  its  transference  to  the  fibre  area.  What  happens  within 
the  fibre  area  is  still  a  matter  of  conjecture,  although  this  may  be  the  true 
phenomenon  of  dyeing  and  the  rapid  dye  concentration  within  the  fibre  area 
only  a  preliminary  though  necessary  step. 

I  think  that  the  accepted  explanation  of  the  dissociation  of  the  dye 
salt  into  ions  in  the  solution,  and  the  transference  of  one  of  these  to  the 
fibre  area,  as  instanced  by  the  quantitative  presence  of  the  opposite  ions 
in  the  dye  solution  (Knecht),  requires  further  confirmation.  Working  some 
time  ago  on  the  absorption  of  acids  by  animal  fibres,  I  was  impressed 
by  the  extreme  rapidity  of  removal  of  the  acid  from  the  solution  by  wool 
or  silk  under  these  dyeing  conditions,  although  there  is  no  such  action 
with  cotton,  as  might  be  expected  under  this  theory.  I  was  also  struck  with 
the  fact  that  the  acid  remaining  in  solution  might  not  be  present  in  the 
free  state,  or  only  partly  so.  I  cannot  think  after  my  experience  in  this 
direction  that  in  the  case  of  the  basic  dyes  the  acid  remains  in  the  solution 
in  a  free  state  in  the  experiments  recorded  by  Knecht,  but  rather  as  salts. 
If  so,  the  salts  must  have  probably  been  formed  within  the  fibre  area  from  tae 
mineral  constituents  of  the  same.  At  what  period  in  dyeing  does  this  take 
Vol.  VI.    Part  i.  t  5 


66  THE   ELECTRICAL  THEORY   OF   DYEING 

place,  and  what  does  this  suggest  ?  Such  reactions  as  the  holding  of  sulphuric 
acid  and  methyl  orange  in  the  fibre  at  the  same  time  without  mutual  reaction, 
and  many  suchlike  observations,  are  very  difficult  to  explain,  although  if  the 
function  of  the  electrical  dyeing  is  only  concerned  with  the  concentration  of 
the  dye  substance  within  the  fibre  area,  rather  than  the  true  dyeing  action, 
this  does  not  perhaps  influence  the  preliminary  process.  Weber,  I  think,  also 
claimed  that  he  could  dye  as  easily  with  the  barium  salt  of  a  "  direct "  dye 
without  decomposition  as  with  the  sulphonic  acid  itself.  Basic  dyes  will  also 
dye  in  acid  solutions  under  the  conditions  laid  down  in  the  above  paper  as 
necessary  for  acid  dyes.  The  greater  dyeing  power  of  dyes  on  sand  in  the 
presence  of  electrolytes,  where  there  is  no  doubt  but  that  the  dye  is  in  the 
colloid  state,  also  requires  explanation. 

The  maximum  point  of  electrification  of  the  fibre  area  (40°  C),  as  deter- 
mined by  the  authors,  does  not  coincide  with  our  figures  showing  the 
maximum  attraction  between  the  dye  and  fibre  substance,  which  is  about 
95°  C. 

Another  point  is  that  the  effect  of  maximum  absorption  of  colour  in 
practical  wool  dyeing  as  obtained  by  the  "cooling  off"  of  the  goods  in  the 
dye  solution  after  boiling  seems  to  coincide  with  a  reduction,  or  is  it  a  reversal  ? 
from  +  to  —  in  the  voltage  as  shown  by  Table  XIII.  under  these  conditions. 

The  voltage  contact  differences  quoted  for  cotton,  silk  and  wool  respec- 
tively are  not  of  the  order  of  the  practical  dyers'  estimate  of  their  relative 
dyeing  powers.  Silk  dyes  at  a  faster  rate  than  wool,  but  this  may  not,  I  take 
it,  necessarily  be  due  to  a  higher  voltage  effect,  but  possibly  to  variations  in 
the  formula  given.  Wool  would  be  very  incompletely  dyed  at  40°  C.  in  the 
true  sense  of  the  word. 

I  should  like  to  ask  the  authors,  in  conclusion,  and  under  the  conditions 
disclosed,  why  cotton  does  not  dye  with  ordinary  sulphonic  acid  dyes  as 
silk  or  wool  does,  but  dyes  with  the  "  direct "  sulphonic  acid  ones.  That 
is  to  say,  why  sulphonic  acid  dyestuffs  containing  two  —  N  =  N  —  groups  in 
the  molecule  may  dye  wool,  silk  and  cotton,  and  compounds  containing  one 
only  dye  wool  and  silk.  And  again,  why  will  even  some  of  the  former 
tetrazo  compounds  not  dye  cotton,  but  still  act  in  practice  as  ordinary  acid 
dyes  containing  one  —  N  ^  N  —  group,  which  only  dye  wool  and  silk,  and 
how  they  would  expect  such  constitutional  differences  to  be  adjusted  to 
such  a  theory  of  dyeing.  No  one  who  has  had  any  practical  experience 
in  dyeing  can  doubt  the  influence  of  the  state  of  the  fibres  (hydration,  &c.) 
on  the  dyeing  action  generally. 

Surface  concentration  effects  may  be  due  to  such  electrical  influence,  but 
account  must  be  taken  of  the  concentration  of  other  salts,  acids,  &c.,  within 
the  fibre  area  and  their  possible  action. 

I  would  venture  the  statement  that  the  actual  desolution  of  the  dye 
should  be  regarded  as  the  dyeing  process.  This  may  or  may  not  be  facilitated 
on  the  one  hand,  or  governed  on  the  other,  by  such  contact  differences  as 
have  been  discussed,  but  until  the  true  nature  of  the  "fixing"  of  the  dye  is 
determined  it  will  naturally  be  difficult  to  settle  this  point.  Reactions  modified 
by  some  differences  in  the  solution  conditions  of  the  deposited  ions  against 
resolution  into  solvents  may  even  explain  such  action,  but  there  are  many 
difficulties  in  the  way  at  the  present  time  in  accepting  such  a  theory,  so 
far  as  the  fixation  of  the  dye  is  concerned. 

If  the  authors  had  included  the  direct  dyes  which  might  have  been  used 
in  the  absence  of  electrolytes,  some  of  the  above  points  would  have  been 
cleared  up. 

It  is  quite  evident  that  publication  of  work  of   the  nature  disclosed  in 
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the  Paper  will  tend  to  remove  the  reproach  that  we  are  not  taking  a  fair 
share  in  such  investigations  in  this  country. 

Mr.  F.  J.  Farrell  agreed  with  Mr.  Dreaper  that  the  question  of  surface 
concentration  in  regard  to  dyeing  does  not  appear  to  be  fully  appreciated. 
Silk  dyers  are  all  acquainted  with  the  fact  that  excessive  friction  in  the 
"boiling-off ''  of  silk  goods  leads  to  the  formation  of  specks  and  streaks  which 
cannot  be  dyed  either  by  substantive  or  adjective  colours  :  Sir  Thomas  Warde 
in  "  The  Divisibility  of  the  Silk  Fibre "  showed  that  this  was  due  •)  the 
splitting  of  the  ultimate  fibre. 

He  confirmed  Mr.  Dreaper's  statement  that  the  optimum  temperature  of 
40° C.  referred  to  by  Messrs.  Gee  and  Harrison  cannot  be  correlated  with  the 
results  obtained  in  actual  practice  ;  for  example,  in  dyeing  wool  it  is 
impossible  to  obtain  satisfactory  results  below  95°  C. 

Gee  and  Harrison  refer  to  the  process  of  dyeing  in  alcoholic  solution  as 
"  dry "  dyeing ;  the  method  usually  known  as  "  dry "  dyeing  consists  in 
immersing  fabrics  in  solutions  of  "  fat "  colours  (i.e.,  stearates  of  the  various 
basic  dyes)  in  petroleum,  benzine,  or  benzene. 

In  the  process  described  by  Farrell  &  May  {Journal  Society  of  Dyers  and 
Colourists),  whereby  "  dry "  dyeing  with  acid  colours  is  possible,  it  is  im- 
portant to  note  that  if  the  dyeing  solution  is  absolutely  free  from  water  no 
dyeing  takes  place.  He  confirmed  Mr.  Dreaper's  statements  as  to  the 
fastness  of  night  blue  when  dyed  upon  silk ;  even  pale  shades  will  withstand 
boiling  in  neutral  soap  for  over  an  hour  without  appreciable  loss  of  colour. 

Dr.  E.  Feilmann  thought  there  were  one  or  two  facts  difficult  to 
reconcile  with  the  theory  of  ionised  particles  as  a  cause  of  dyeing.  In 
the  first  place,  many  dyes  were  employed  in  paste  form  and  never  really 
entered  into  solution,  being  present  merely  as  a  fine  suspension.  Again, 
many  dyestufifs,  more  particularly  the  sulphide  dyestuffs,  were  undoubtedly 
present  in  the  dye  vat  in  a  state  of  colloidal  solution.  It  was  difficult  to 
understand  how  there  could  be  ionisation  in  such  cases.  The  sulphide 
dyestuffs  above  referred  to  gave  dyeings  of  exceptional  fastness.  It  was 
also  difficult  to  understand,  according  to  the  view  taken  by  the  authors, 
why  dyeings  at  lower  temperatures  were  less  fast  than  those  performed  at 
a  higher  temperature.  In  his  opinion  it  was  impossible  to  class  all  dyeing 
phenomena  under  one  heading  from  a  scientific  standpoint.  Dyeing  was 
essentially  a  technical  phenomenon,  the  object  being  permanently  to  colour 
a  fibre  in  such  a  manner  that  the  colour  was  not  easily  removed  by  liquids 
and  other  agencies.  It  was  unreasonable  to  suppose  that  this  could  not 
be  done  in  a  great  variety  of  ways,  which  in  their  scientific  aspect  might 
not  have,  and  very  often  had  not,  very  much  in  common. 

Mr.  "W.  R.  Cooper  asked  whether  dyeing  would  be  prevented  if  the 
fabric  were  given  a  charge  opposite  in  sign  to  that  which  it  normally  took. 
Some  conducting  material  might  doubtless  be  used  for  such  an  experiment. 

The  Chairman  expressed  the  opinion  that,  although  he  was  not  an 
advocate  of  the  mechanical  theory  of  dyeing,  some  of  the  phenomena 
referred  to  by  Mr.  Dreaper  could  be  explained  from  a  mechanical  point 
of  view.  For  example,  a  dyestuff  embedded  in  and  protected  by  a  fibre 
would  be  expected  to  resist  the  action  of  solvents  more  strongly  than  the 
same  dyestuff  in  the  "  free  "  condition.  The  temperature  effects  also  might 
be  accounted  for  by  the  probability  that  a  high  temperature  rendered  the 
fibre  more  permeable  to  the  penetration  of  the  dyestuff'  than  would  be  the 
case  at  a  lower  temperature. 

The  fading  of  picric  acid  was  a  remarkable  observation,  and  it  would 
be  interesting  to  know  if  the  colourless  form  could  be  extracted  by  means 
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of  anhydrous  solvents  and  its  absorption  spectrum  compared  with  that 
of  the  ordinary  form  of  picric  acid.  Such  a  comparison  might  lead  to 
valuable  evidence  with  regard  to  the  theory  of  coloured  substances. 

Professor  Gee's  Paper  was  a  valuable  contribution  to  our  knowledge 
of  the  subject  :  he  had  given  an  explanation  why  a  d3'e  should  be  attracted 
to  the  fibre,  but  had  not  attempted  to  account  for  the  great  attraction 
which  evidenced  itself  at  the  later  stage  of  "  fixing."  Was  it  possible  that 
this  was  largely  a  matter  of  attraction  between  two  solids  at  an  almost 
infinitely  small  distance  apart  and  due  to  the  same  cause  as  gravity  ? 

Mr.  W.  P.  Dreaper,  in  reply  to  the  remarks  on  his  Paper,  agreed  with 
those  of  Mr.  Farrell.  If,  as  suggested  by  Dr.  Cain,  the  action  of  dyeing  was 
so  far  mechanical  as  to  be  equivalent  to  some  such  attraction  as  that  of 
gravity,  the  reactions  recorded  in  this  Paper  would  then  be  controlled  by  or 
influence  the  same,  and  would  vary  in  a  remarkable  manner  with  the  original 
temperature  of  the  dye  bath,  «&c.  The  reactions  seemed  to  belong  to  that  class 
which  for  convenience  was  termed  secondary,  where  we  seemed  to  be  face 
to  face  with  some  attractive  force,  or  a  modified  form  of  an  existing  one,  which 
could  influence  reactions  to  the  extent  stated.  Exactly  what  relation  existed 
between  this  and  the  preliminary  concentration  of  the  dye  with  the  fibre  area 
was  unknown.  The  nature  of  these  reactions  in  which  colour-changes  of  great 
delicacy  were  present  possibly  made  it  possible  to  study  these  problems  in 
such  a  way  that  they  might  ultimately  influence  our  general  ideas  on  such 
phenomena. 

Picric  acid  was  practically  colourless  when  dissolved  in  toluene.  This 
might  indicate  that  it  would  be  possible  to  extract  the  colourless  form  as 
suggested  by  Dr.  Cain.  The  completely  reversible  nature  of  this  fading 
action  added  to  its  significance.  The  "faded"  picric  acid  itself  might  be 
taken  to  obviate  difficulties  in  extraction  from  the  fibre. 

Professor  Gee  and  Mr.  Harrison  {communicated  reply) :  We  are  much 
indebted  to  Dr.  Lewis  for  his  valuable  and  appreciative  communication. 
With  regard  to  the  U-tube  method,  a  correction  must  be  apphed  for  any 
important  differences  in  the  conductivities  of  the  water  and  the  colloidal 
solutions  used.  Experiments  on  glass-wool,  and  glass  and  quartz  capillary 
tubes  are  in  progress.  With  the  method  of  Hardy  it  was  noticed  in  some 
experiments  that  the  shape  of  the  boundary  was  curved,  but  this  deformation 
being  in  opposite  directions  in  the  limbs  of  the  U-tube  little  error  was 
introduced  when  the  readings  were  taken  at  corresponding  points  of  the 
curves.  The  apparently  high  electrical  stress  across  the  molecular  layer  is 
certainly  remarkable.  A  similar  phenomenon  is  noticed  in  the  discharge  of 
electricity  through  gases,  and  has  been  discussed  by  S.  P.  Thompson  in 
connection  with  the  work  of  Mr.  Watson. '■=  Professor  Thompson  says  :  "  One 
finds  the  extraordinary  fact,  once  more  corroborated,  that  the  layers  of  air 
close  up  to  the  dielectric,  when  there  is  no  brush  discharge,  are  apparently 
stronger  than  those  that  are  away  from  the  surface  of  the  conductors." 
Mr.  Watson  thinks  that  this  is  due  to  increased  dielectric  strength.  This 
would  seem  to  be  confirmed  by  the  experiments  of  Zimmerman,!  who  finds 
the  dielectric  strength  of  the  electrolytic  film  on  aluminium  5,000,000  volts 
per  cm.,  which  is  greater  than  that  of  mica.  Future  progress  with  reference 
to  endosmose  phenomena  is  involved  in  the  nature  of  the  hypothetical  double 
layer.  The  direct  application  of  the  electron  theory  recently  published  by 
Dr.  Lewis  +  to  calculate  potential  difference  must  be  especially  noted. 

*  Journ.  Inst.  Elcc.  Engs.,  vol.  43,  p.  147,  1909. 

t  Trails.  Am.  Elcctroclicm.  Soc,  vol.  7,  p.  312,  1905. 

I  Phil.  Mag.,  April  19,  p.  575,  1910. 
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The  maximum  points  mentioned  by  Dr.  Veley  are  very  interesting.  To 
his  hst  may  be  added  the  maximum  temperatures  of  activity  of  many 
ferments,  such  as  rennet,  some  emulsins,  and  pepsins  which  worlc  best 
between  35°  and  45°  C.  Still  more  striking  is  it  to  find  that  nature  has 
selected  a  temperature  of  about  37°  C.  for  that  of  the  human  blood  in  normal 
action,  pathological  conditions  being  indicated  by  rises  or  falls  of  this  optimum 
temperature. 

Since  Dr.  Borns  has  directed  our  attention  to  the  researches  of  Kossonogow 
we  have  repeated  some  of  the  experiments.  A  cell  was  constructed  as  shown 
in  Fig.  10.  The  electrodes  are  placed  within  a  cubical  cell  of  glass,  and  are 
insulated  excepting  at  the  nearest  opposite  faces.  The  electrodes  are  mounted 
so  that  they  can  be  exactly  adjusted.  The  cell  was  placed  in  the  path  of  the 
horizontal  beam  of  light  provided  by  a  Zeiss  ultra-microscope.  Using  a 
microscope  with  a  low  magnifying  power  f ocussed  on  the  electrodes,  we  have 
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been  able  to  verify  some  of  the  remarkable  optical  effects  mentioned  by 
Dr.  Borns. 

In  answer  to  Mr.  Dreaper  it  is  not  assumed  that  complete  dissociation  is  a 
necessary  factor  to  cause  dyeing.  The  necessary  condition  is  that  the 
particles  of  the  dye  should  be  oppositely  charged  to  the  fabric.  The  particles 
may  be  colloidal  or  other  groups  of  atoms.  With  regard  to  the  maximum 
temperature  for  basic  colours  (also  mentioned  by  Mr.  Farrell),  we  have 
confirmed  one  of  the  results  of  Brown.  Methylene  blue  was  used  and  the 
amount  of  the  dye  taken  up  was  estimated  by  titration  with  titanous  chloride. 
The  bath  was  made  up  with  15  c.c.  of  methylene  blue  solution  (containing 
4  grams  of  85  per  cent,  colour  to  the  litre)  and  diluted  with  water  to  200  c.c. 
In  eacli  case  2*5  grams  of  wool  were  used.  The  results  are  given  below  and 
are  plotted  in  Fig.  11. 

It   will   be   seen   that   the   curve    Fig.  11  is  very  like   Figs.  7,  8,  and  9. 
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Although  the  maximum  amount  of  dye  is  taken  up  at  about  40°  C,  it  does 
not  follow  that  the  dye  is  completely  fixed  at  that  temperature.  It  only 
signifies  a  neutralisation  of  the  electrical  charges — the  first  step  in  the  dyeing 
process  ;  subsequent  stages  may  be  facilitated  by  prolonged  boiling  at  higher 
temperatures.     The  dyeing  with  basic  colours  is  carried  out  in  practice  at 
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90°  to  100°  C,  as  Mr.  Dreaper  says,  but  not  with  the  object  of  obtaining  the 
greatest  absorption  of  colour,  but  to  obtain  bright,  even,  and  fast  shades,  for 
which  purpose  the  slower  the  absorption  the  better.  In  fact,  alum  is  some- 
times added  to  the  bath  to  restrain  the  dyeing  process,  and  this  it  does  very 
effectually. 

The  fact  that  there  are  tetrazo  colours  which  are  capable  or  incapable  of 
dyeing  cotton  has  not  been  overlooked,  but  it  is  generally  understood  that  the 
azo  group  is  a  chromophor  (colour-forming  group)  and  not  a  "  salt-forming" 
group.  The  difference  between  acid  and  direct  colours  is  more  physical  than 
chemical ;  the  free  acids  of  the  former  being  soluble,  and  those  of  the  latter 
being  generally  insoluble  in  water. 

The  state  of  the  fibre,  hydration  particularly,  has  certainly  an  influence  on 
the  dyeing  process,  for  two  reasons  :  (i)  It  increases  the  potential  difference 
between  the  fibre  and  the  solution,  and  (2)  it  increases  the  surface  of  the 
fibre.  Mr.  Dreaper  in  regarding  de-solution  as  the  dyeing  process  has  not 
taken  into  account  the  cause  of  de-solution,  which  is  aUied  to  colloidal 
coagulation.  The  latter  is  probably  due  to  the  neutralisation  of  electrical 
charges.     This  may  explain  how  the  dye  is  fixed  :   the  charge  of  the  dye 
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particle  being  neutralised  by  that  of  the  fibre,  the  particle  has  then  no  further 
power  of  migration  in  the  solution  ;  in  other  words,  it  has  become  fixed. 

We  have  already  seen  the  Paper  mentioned  by  Mr.  Farrell  and  the  results 
are  in  agreement  with  our  statement — water  being  necessary  when  petroleum, 
benzine,  or  benzene  is  used. 

With  regard  to  the  pastes  mentioned  by  Dr.  Feilmann,  we  hope  to  deal 
with  this  matter  of  mordant  colours  in  a  future  paper.  Incidentally  we  may 
refer  to  Tables  I.  and  II.,  in  which  alizarine,  one  of  the  pastes  referred  to,  takes 
a  negative  charge  and  aluminium  hydrate  a  positive  charge.  Aluminium 
hydrate  is  a  mordant  for  alizarine.  We  have  discussed  the  dyeing  with 
colloidal  solutions.  The  process  of  dyeing  from  these  solutions  takes  place 
very  quickly,  so  that  great  precautions  have  to  be  taken  to  prevent  uneven 
dyeing.  The  dyeings  are  not  very  fast,  owing  to  the  large  size  of  the  colloidal 
particles,  which  prevent  them  getting  into  the  substance  of  the  fibre. 

As  to  the  question  asked  by  Mr.  Cooper,  we  have  made  many  attempts  to 
apply  electrostatic  charges,  but  at  present  would  prefer  to  reserve  our 
results. 

It  is  our  intention  to  deal  later  with  direct  dyes,  vat  dyes,  sulphide  dyes, 
and  mordant  dyes  ;  so  far  as  we  have  proceeded  we  have  shown  that  the 
electrical  theory  assists  in  explaining  some  of  the  mysterious  actions  in 
tinctorial  chemistry. 


THE   CONSTITUTION    OF   WATER. 

At  the  Meeting  of  the  Faraday  Society  held  on  Tuesday, 
April  26,  19 10,  a  General  Discussion  on  The  Constitution  of  Water 
took  place.  Professor  James  Walker,  F.R.S.,  who  was  in  the  chair, 
prefaced  the  discussion  with  the  following  remarks  : — 

My  first  duty  to-night  is  to  thank  the  Council  of  the  Faraday 
Society  for  inviting  me  to  preside  at  what,  I  am  sure,  will  prove  a 
very  interesting  and  instructive  meeting.  It  is  most  important 
that  we  should  know  something  about  the  constitution  of  water, 
and  to  me  it  is  a  curious  circumstance  that  the  first  scientific  dis- 
cussion in  which  I  took  part  was  one  on  that  very  subject,  nearly 
thirty  years  ago,  before  the  Chemical  Society  of  Edinburgh 
University.  Our  knowledge  in  those  days  of  the  constitution 
of  water  was  very  roughly  qualitative.  A  great  deal  of  exact 
quantitative  work  has  been  done  since,  and  to-night  we  shall 
doubtless  get  our  ideas  greatly  clarified  upon  the  subject.  My 
second  duty  is  to  offer,  on  behalf  of  the  Society,  a  hearty  welcome 
to  those  distinguished  foreign  men  of  science  who  are  to  take  part 
in  to-night's  discussion,  and  who  have  come  from  long  distances, 
no  doubt  at  great  personal  inconvenience.  I  am  informed  that 
this  is  the  fiftieth  meeting  of  the  Society,  and  I  am  certain  that  no 
better  subject  could  have  been  found  to  celebrate  that  jubilee 
occasion  than  a  discussion  on  the  constitution  of  water,  which, 
although  one  of  the  commonest  of  substances,  is,  from  the  scien- 
tific point  of  view,  one  of  the  most  extraordinary  that  we  are 
called  upon  to  deal  with. 

The  Discussion  was  opened  by  Professor  P.  Walden  (Riga),  who 
read  a  Paper  entitled  "  Is  Water  an  Electrolyte  ?  " 

We  begin  with  the  following  three  facts  : — 

1.  The  ionising  power  of  a  solvent  stands  directi}'  in  proportion  to  its 
dielectric  capacity.  This  is  the  Thomson-Nernst  rule.*  My  own  experi- 
mental investigations  on  the  molecular  conductivity  and  on  the  degrees  of 
the  electrolytical  dissociation  in  non-aqueous  solutions  have  given  results 
which  are  in  accordance  with  this  rule. 

2.  Water,  which  forms  polymerised  molecules  (Ramsay-Shields,  &c.f), 

*  J.  J.  Thomson,  Phil.  Ma<^.,  36,  320  (1893)  ;  W.  Nernst,  Zcitscin:  pliys.  Ch.,  13,  531 
(1894) ;  P.  Walden,  ib.,  55,  683  (1906). 

t  W.  Ramsay,  Zeitschr.  pliys.  Ch.,  15,  115  (1894)  ;  see  also  J.  J.  van  Laar,  ib., 
31,  5  (1899). 
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gives  in  all  solvents — at  small  concentrations — only  molecules  of  the  form 
H2O  (Bruni  and  Amadori).'- 

3.  Water  is  also  an  electrolyte,  undergoing  the  electrolytic  dissociation — 

H,0^=>H-  +  OH'. 

Again,  applying  specially  the  Thomson-Nernst  rule  to  water  as  an 
electrolyte,  we  must  conclude  that  a  liquid  of  very  great  ionising  power, 
or  a  fluid  possessing  a  dielectric  constant  higher  than  that  of  water  (as 
solvent),  when  used  as  a  solvent  for  the  electrolyte  H^O,  will  ionise  the 
water  molecules  to  a  considerable  degree  and  give  a  high  electrical  con- 
ductivity, analogous  to  the  conductivity  of  the  common  electrolytes  (salts,  &c.) 
in  aqueous  solutions.  Generally,  we  regard  water  as  an  amphoteric  body, 
and  we  know  that  the  dissociation  constant  of  water  (in  aqueous  solutions)  is 
very  small,  for  example,  K,„=  i  x  lo"'*'  at  25°  C.  However,  Carraraf  has 
shown  that  water  in  methyl  alcohol  solutions  is  a  better  conductor,  that  is  to 
say,  gives  higher  dissociated  (ionised)  molecules  than  free  water  itself.  At 
the  same  time  W.  C.  Dampier  Whetham|  undertook  experiments  in  order  to 
investigate  the  same  problem;  he  chose  formic  acid,  HCOOH,  as  a  medium 
with  a  high  dielectric  constant  {=  58'5).  His  measurements,  however,  showed 
that  solutions  of  water  in  formic  acid  generally  have  a  small  electrical 
conductivity.  This  author  deduced  that  "it  is  probable  that  no  true 
ionisation  of  the  water  occurs." 

At  the  present  time  we  possess  a  great  number  of  ionising  organic  and 
inorganic  solvents,  which  are  characterised  by  an  extremely  Jiigh  dissociating 
power  towards  binary  salts  and,  in  accordance  with  this  fact,  also  by  very 
high  dielectric  constants.  Such  solvents  are  hydrocyanic  acid,  HCN,  with 
a  dielectric  constant,  D  =  95  (Schlundt)  ;§  formamide,  HCONH^,  D>84 
(Walden),||  and  sulphuric  acid,  H,S04,  0^84  (Walden).||  These  three 
solvents  therefore  possess  a  greater  ionising  power  than  water,  because  their 
dielectric  constant  is  higher  than  that  of  water  (D  ^  80).  Now  it  seemed  to 
me  possible  to  decide  the  question  :  Is  water  a  good  conductor  in  such 
solvents  ?  This  problem,  indeed,  has  a  deeper  interest,  since  it  is  connected 
directly  with  the  problem  of  the  constitution  of  water  and  indirectly  with 
the  nature  of  electrolytes  in  general. 

Among  these  three  solvents  my  attention  was  attracted  first  to  hydrocyanic 
acid,  because  the  electrical  conductivity  in  this  solvent  was  experimentally 
found  by  Centnerszwer  {loc,  cit.),  Kahlenberg  and  Schlundt  {loc.  cit.)  in  the 
case  of  binary  salts  in  hydrocyanic  acid  solutions  to  be  very  great.  I  deduced 
from  this  fact  that  water,  when  dissolved  in  hydrocyanic  acid,  would  also 
show  great  conductivity.  On  the  other  hand  formamide,  HCONH,,  seemed 
a  remarkable  solvent,  since  it  possesses  many  analogies  with  the  solvent 
water.  It  is  very  highly  associated ;  it  is  a  very  hygroscopic  liquid ;  it 
dissolves  many  salts  with  the  same  colour  as  water  does,  &c.  The  third 
solvent,  H2SO4,  was  recently  studied  by  Hantzsch  and  Bergius  ;ir  I  have 
therefore  ehminated  it  from  my  direct  measurements.  To  my  researches  on 
HCN  and  HCONH  as  ionising  solvents  I  have  added  formic  acid,  HCOOH, 

CH  \ 

and  also  nitrosodimethylamine,  ^rj^yN  — NO,  which  I  have  found  to  be  a 

*  Bruni  and  Amadori,  Trans,  of  the  Faraday  Soc,  V.  (1910). 

f  Carrara,  Gazz.  Cliiin.,  27,  i.  422  (1898). 

+  Whetham,  Pliil.  Ma^^.  (5),  44,  i  (1898). 

§  Schlundt,  Jourii.  Fliys.  Client.,  5,  191  (1901),  6,  447  (1902)  ;  Centnerszwer, 
Zcitschr.  pJiys.  Ch.,  39,  221  (1901). 

1!  Walden,  Zcitsclir.  ptiys.  Cli.,  144,  159,  182  (1903),  54,  179,  207  (1905)  ;  Zcitsclir. 
anorgaii.  Cit.,  2g,  383  (1902). 

f  Hantzsch,  Zcitsclir.  phys.  Ch.,  61,  297  (1907)  ;  Bergius,  ih.,  72,  352  (1910). 
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good  dissociating  solvent  with  a  dielectric  constant  D  =  53-3,  and  therefore 
analogous  to  formic  acid.  From  the  chemical  point  of  view  these  solvents 
represented  many  types  :  strong  and  weak  acids,  basic  bodies,  &c. 

The  apparatus  was  of  a  form  previously  described  by  me*  (1901) ;  the 
measurements  were  made  with  induction  currents  and  telephone,  in  the 
arrangement  of  Wheatstone-Kohlrausch. 

The  Materials  Used. — (i)  Hydrocyanic  acid,  HCN,  was  prepared  by  heat- 
ing a  mixture  of  potassium  ferrocyanide  and  sulphuric  acid  (Wohler's 
method).  It  was  purified  by  fractional  distillation  of  the  liquid  HCN  with 
P2O5.  (2)  Formamide  was  purified  by  recrystallisation  and  had  a  melting- 
point  +  17°  C.  (3)  Formic  acid  (from  Kahlbaum)  was  recrystallised,  and 
the   fraction   with    melting-point    +  8"5°    used   as    solvent.      (4)    Nitrosodi- 

CH  \ 
methylamine,  QTT^/N  —  NO  (from  Kahlbaum),  was  purified  by  redistillation 

(with    KHSO4)  and  had   a   boiling-point    149-150°   C.    (pressure  758   mm.). 
(5)  Water,  H^O,  was  distilled  at  a   pressure  of  15  mm.  and  had  a  specific 
conductivity  Ko  =  i  X  io~^  to  2  X  io~*  reciprocal  ohms  at  19°  C. 
The  letters  used  below  have  the  following  signification  : — 

V  =  dilution,  or  number  of  litres  in  which  i  gram-molecule  of 

solute  is  contained. 
Ko  =  specific  electrical  conductivity  in  reciprocal  ohms  of  the 

pure  solvent. 
K^  =  specific  electrical  conductivity  of  the  solution  at  the  dilu- 
tion V. 
K'  =  (Kj,  —  Ko)  =  corrected  specific  electrical  conductivity  of  the  solution. 

Xj,  =  molecular     conductivity    of     the    solution     in    reciprocal 
ohms  =  K'  X  V  X  io3. 

A. — Hydrocyanic  Acid,  HCN,  as  Solvent. 
{Water,  H,0,  as  Solute.) 

Series  I.,  t  =  o°  C.     Ko  =  0-657  x  lo-^ 

V=  6'38 9-50 I2-0 15-60  ...18-80 

K-,=  0-789  X  io~^. .. 0-746  X  io~^.. .0-739 X  io~^.. .0-739  X  io~^...o-739Xio~^ 

Si?'-'--  ,5  ^II|o-I32  X  10-5...0-089X  iQ-^... 0-082  X  10-^.. .0-082 X  10-5.. .0-082  X  10-^ 
Mol.  Cond.)  Q.^g^^        ...0-00845        ...0-00984        ...0-0128  ...0-015 

Series  II.,  t  =  o°  C.     Ko  =  0-763  x  iQ-^ 

V=  10-17      i5"5        21-6         25-9 

K^  =  0-952  X  10-5     ...  0-928  X  lo"^     ...  0-870  X  10-^      ...  0-826  X  10-* 

K'  =0-189  X  10-^     ...  0-165  X  10-^     ...  0-107  X  lo"^      ...  0-063  X  10-5 

Xj,  =  o"oi92     0-026      0023         0016 


.—5 


Series  III.,  /  =  0°  C.     Ko  =  0-326  x  10 

V=i7-o  26-1         33-9         41-0 

Kj,  =  0-506  X  io~®     ...  0-47  x  io~^       ...  0-423  X  10-^      ...  0-423  X  10-* 

K' =0-180  X  10-5     ...  0-144  X  10-5     ...  0-097  X  io~5      ...  0-097  X  10-^ 

\,^  =  0-031  0-037      0-033        o"o39 

*  Walden  and  Centnerszwer,  Bullet,  de  VAcad.  Imp.  dcs  Sc,  St.  Petersb.,  1901. 
The  electrodes  used  in  all  experiments  were  very  slowly  platinised  and  had  the 
colour  of  bronze. 
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Series  IV.,  /  =  o°  C.     Ko  =  0*506  x  lo-^ 

K,,  =  0-506  X  10-5. 

K'=o. 

X,  =  o. 

Further  dilutions  by  hydrocyanic  acid  gave  no  change  of  K^,. 

Series  V.,  i^o°  C.     Ko  =  0*496  x  lo-^. 

V=io. 

Kj,  =  0*496  X  10-^. 
K'  =  o. 

X^,  =  o. 

Further  dilutions  gave  no  change  of  K^.. 

The  values  for  the  molecular  conductivity  of  water  dissolved  in  hydro- 
cyanic acid  are  very  small  or  zero.  They  vary  from  one  series  to  the  other, 
probably  because  the  solvent  itself,  prepared  at  different  times,  has  also 
different  specific  conductivities  ;  nevertheless  the  hydrocyanic  acid  used  by 
me  had  a  smaller  conductivity  than  the  specimens  used  by  Centnerszwer 
{loc.  cit.),  and  by  Kahlenberg  and  Schlundt  {loc.  cit.).  Some  impurities,  however, 
remained  ;  also  gases  from  the  atmosphere  may  cause  little  variations  and  an 
increase  of  Kj,,  since  the  apparatus  must  be  opened  for  every  dilution.  We 
can  say  that  the  smallest  numerical  values  were  the  most  probable. 

When  we  compare  the  conductivity  of  the  electrolyte  water  with  the  con- 
ductivity of  a  binary  salt,  KI,  in  hydrocyanic  acid  solutions,  we  perceive  the 
enormous  difference  between  these  two  electrolytes. 

A7  as  Solute  in  Hydrocyanic  Acid.     l  =  o°  C. 
V=  12*04     •••     27*07     ...     81*57 


3/  /  Kahlenberg  and  Schlundt. 
...      300    j 


X.,=  254      ...      2 

o      "*        ^        ""        ■^~    i  Centnerszwer. 
X^=  258      ...      265      ...      273    3 


B. — FORMAMIDE,    HCONH2,   AS   SOLVEXT. 

{Water,  H,0,  as  Solute.) 
t=  19°  C.     Ko=  177  X  lo-^ 


V=  1*04  ... 
K^=i8*8  X  10-5  . 

..  2*08  ... 

..  i8*5  X  10-5  . 

..  4*17  ... 

..  i8'i  X  10-'  . 

..  12*5 

..  17*8  X  10-5 

Ko)=  1*1  X  10-5  . 

..  o*8  X  10-5  . 

..  o*4  X  10-5  . 

..  0*1  X  10-5 

X^^  0*0114 

..  o*oi66 

..  0*0167 

..  0*0163 

K'  =  (I^- 


I  give  only  one  series  of  measurements,  because  the  other  series  gave 
me  numbers  of  the  same  order.  The  result  is  here  also  contrary  to  our 
assumptions  ;  the  values  of  the  molecular  conductivity  are  very  small,  and 
practically  do  not  increase  with  the  dilution. 
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C. — Formic  Acid,  HCOOH,  as  Solvent. 

(Water,  H,0,  as  Solute.) 

i  =  iQ°  C.     Ko  =  6-68  X  10-5. 


V=  2-13 3-55    

yi      ... 

..21-3 

Ki,=:I4"07  X   I0~^    ...    II-20  X   IO~^    ... 

9-15  X  10-^  . 

..  7-48  X  10-5 

K'  =  (K^  —  Ko)=   7"39  X  iQ-^  ...    4-52  X  10-5  ... 

2"47  X  io~^  . 

..  o'8o  X  io~5 

\,^=  o'i58 o'i6i 

0-175  ... 

..  o'i7i 

Novak  =■=  has  found  values  from  the  same  order 

:— 

V=o'2o        ...       o'3i         ...      0-48 

0-92 

••    2-53 

\.^  =  o"i64      ...      o'i79      ...      o'i93 

0*225 

,.    0-294 

It  appears  from  both  experiments  that  the  electrolyte  WJd  dissolved  in 
formic  acid  is  a  poor  conductor.  On  the  other  hand  we  must  accentuate 
the  fact  that  formic  acid  with  the  lesser  ionising  power  (dielectric  constant 
=  58*5)  gives  a  higher  conductivity  than  formamide,  HCOXH2,  with  its  great 
ionising  power  (dielectric  constant  >  84). 

D.— NiTROSODIMETHYLAMINE,   ^„^)N  —  NO,   AS   SOLVENT. 

{Water,  H^O,  as  Solute.) 


1 

V=     I-2I 

1-72 

•    3-02 

,.     i2-o8 

Ki,  =  24-2  X   IO~^       ., 

,.    23-1  X  io~^    .. 

.    21-9  X  io~^    ., 

,.    20-8  X  10-5 

K'  =    4-2  X  10-5     .. 

3-1  X  10-^    ., 

1-9  X  io~°     ., 

0-8  X  10-5 

X„=  0-0508 

•     0-0533 

•     0-0574 

0-0966 

This  solvent  possesses  a  dielectric  constant  nearly  of  the  same  order  as 
formic  acid  (53-3  and  58-5,  respectively),  but  although  the  internal  friction 
of  the  first  solvent  is  considerably  greater  than  that  of  the  second,  the  formic 
acid  solutions  conduct  better  : 

HCOOH  :  internal  friction  ?;=  0-0162    at  25°  (Thorpe  and  Rodger). 

(CH3),N  —  NO  :  internal  friction  jj  =  0-00835  at  25°  (Walden). 

The  general  result  of  our  experiments  is  negative.  Contrary  to  our  as- 
sumption (i)  water,  dissolved  in  the  solvents  HCN,  HCONH^,  HCOOH,  and 

CH  \ 

QTT^/N  —  NO,  shows  in  all  these  solutions  very  little  molecular  conductivity  ; 

(2)  the  smallest  numerical  values  of  the  conductivity  were  found  in  the 
solvents  with  the  highest  dielectrical  constant,  in  spite  of  the  great  fluidity 
(for  example,  in  the  solutions  of  hydroc3'anic  acid)  ;  and  (3)  the  highest 
values  of  the  molecular  conductivity  were  observed  in  the  solvent  formic 
acid,  which  has  a  smaller  fluidity  and  a  smaller  ionising  power  than,  for 
example,  hydrocyanic  acid. 

In  face  of  such  results  we  must  now  ask  a  new  question  :  What  is  the 
cause  of  this  anomalous  behaviour  of  the  water  ? 

Instead  of  a  direct  answer  we  can  only  put  forward  an  hypothesis.  When 
all  physical  conditions  were  favourable  to  the  existence  of  considerable 
electrolytic  dissociation  and  great  electrical  conductivity  of  the  solute,  and, 
nevertheless,  we  have  found  small  numerical  values,  then  it  seems  to  me  we 
must  attempt  a  chemical  interpretation  of  such  anomalous  results.     Do  they 

*  Novak,  Phil.  Mag.  (5),  44,  13  (1897). 
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not  stand  in  causal  connection  with  the  chemical  nature  of  our  solvents  and 
water  as  the  electrolyte  ?  In  short,  is  it  not  possible  and  probable  that 
a  body  which  is  not  itself  an  electrolytic  conductor  in  the  fluid  state 
becomes,  when  dissolved,  an  electrolyte,  if  between  this  solute  and  the 
solvents  there  exists  a  chemical  contrast  ?  When  such  a  contrast  exists,  the 
solute  and  the  solvent  will  give  a  (more  or  less  stable)  molecular  combination 
of  a  salt  character.  Given  this  first  condition  for  the  production  of  an  elec- 
trolyte, its  existence  in  the  solution  will  be  regulated  by  the  mass  law,  the 
degree  of  electrolytic  dissociation  depending  on  the  dielectric  constant 
(ionising  power)  of  the  solvent  used,  whilst  finally  the  numerical  values  of 
the  conductivity  (or  the  mobilities  of  the  ions)  stand  directly  in  relation 
to  the  viscosity  (or  internal  friction)  of  the  solvent. 

These  conceptions  are  in  agreement  with  the  proposition  of  Hittorf, 
stated  by  him  half  a  century  ago  (1859)  :  "All  electrolytes  are  salts  "  ;  with  the 
rule  of  F.  Kohlrausch  (1875),  that  no  one  pure  fluid  can  be  at  the  ordinary  tem- 
perature a  good  electrolytic  conductor ;  with  the  common  hypothesis,  accepted 
by  many  men  of  science,  that  the  ionisation  of  a  body  is  dependent  on  its 
association  with  water  (or  other  ionising  solvents).  In  particular,  the  view 
that  acids  and  certain  basic  bodies  only  become  electrolytes  when  associated 
with  water,  and  on  the  other  hand,  that  the  majority  of  fused  salts  are  excellent 
electrolytes  independently  of  the  interaction  with  a  solvent ;  and  that  there- 
fore there  must  be  two  classes  of  electrolytes — heterolytes  and  autolytes — this 
view  especially  has  been  developed  by  Professor  Armstrong,  and  recently 
applied  by  Mr,  W.  R.  Bousfield,  Dr.  T.  M.  Lowry,  Dr.  A.  Lapworth,  and  others. 

If  we  accept  these  views  as  a  working  hypothesis,  we  must  conclude  that 
water  as  an  amphoteric  body  will  only  become  an  electrolyte  and  a  better 
conductor  when  it  is  dissolved  in  a  liquid  of  a  distinctly  acid  or  basic  character, 
that  is,  when  it  will  form  with  this  solvent  a  kind  of  salt. 

This  assumed  correlation  we  will  examine  in  the  light  of  our  measure- 
ments. 

The  following  table  contains  the  molecular  conductivities  X-^  of  water  in 
the  four  solvents  which  we  investigated,  the  values  of  sulphuric  acid  as  solvent 
being  added  for  comparison  :— 

Water,  H2O,  as  Dissolved  Electrolyte. 


Solvents :  H2SO4,  Sulphuric 
Acid. 


Chemical  character  : 
Very  strong  acid 

Dielectric  constants  : 

d.c.  =  >  84 

Interna  I   friction  : 

»}  =  0-1915  (25°) 

(Bergius) 


HCOOH, 

Formic  Acid. 


Strong  acid 

58-5 
o'oi62  (25°) 


SS|>N-NO. 

Nitrosodimethyl- 


53'3 
0-00835  (25' 


HC0NH2, 

Formamide. 


Slow  basic 

>84 
0-0322  (25°) 


HON, 

Hydrocyanic 

Acid. 


Amphoteric 
(very  slow 
acid) 
95 

<  0-004  (0°) 


Electrical  Conductivities  of  Water. 


V.          X" 

v.        X,.. 

V.            X,,. 

V.            X,,. 

V.            X,.. 

v.     X  (mean). 

3-92  71-2 

1-88  17-8 

2-13  0-158 

I -2 1    0-0508 

1-04  0-OII4 

6-4  0-00845 

4-94  71-0 

2-53  547 

3'S5  o"i6i 

171    0-0533 

2-08  o-oi66 

9-5   0-00845 

9-4  71-0 

6-9    56-6 

7-1     0-175 

3-02   0-0574 

4-17  0-0167 

12-0  000984 

i8-o    71-1 

27-0    73-4 

21-3     0-171 

12-08    0-0966 

12-5     0-0163 

15-6   0-0128 

(Hantzsch) 

(Bergius) 
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It  is  evident  that  only  the  strong  acid  solvents  (H3SO4  and  HCOOH)  give 
a  considerable  conductivity  to  the  dissolved  water  ;  the  stronger  the  acid 
character  of  the  solvent  {e.g.,  H^S04),  the  higher  is  the  conductivity  of  the 
water.  We  see  that  in  spite  of  the  very  great  dielectric  constant  of  hydro- 
cyanic acid  and  its  very  small  internal  friction  rj,  the  figures  for  conductivity 
in  this  excellent  ioniser  are  very  small  (or  practically  zero).  The  sulphuric 
acid,  however,  having  very  great  internal  friction,  perhaps  fifty  times  greater 
than  that  of  hydrocyanic  acid,  greatly  exceeds  the  latter  in  its  conductivity, 
which  is  perhaps  ten  thousand  times  greater  than  that  of  hydrocyanic  acid. 
The  combination  of  the  two  amphoteric  bodies,  water  and  hydrocyanic  acid, 
is  practically  devoid  of  salt-like  properties,  and  thus  the  electrical  conduc- 
tivity is  nearly  zero  ;  on  the  other  hand,  the  combination  of  the  very  strong 
sulphuric  acid  with  the  amphoteric  water  molecules  forms  an  electrolyte, 
a  "  salt,"  possessing  a  great  electrolytic  conductivity. 

The  phenomena  discussed  can  be  considered  from  the  converse  point  of 
view.  We  can  ask  :  What  will  be  the  order  of  the  conductivities,  when, 
vice  versa,  water  is  the  solvent,  and  the  liquids  hitherto  solvents  are  the 
solutes  in  aqueous  solutions  ?  The  order  will  be  the  same  ;  that  is,  the  best 
conducting  solutions  are  the  "salt"  solutions  of  sulphuric  acid,  and  the 
smallest  conductivity  we  again  find  in  the  solution  of  the  amphoteric  HCN 
in  the  amphoteric  water. 

For  the  proof  of  these  views  it  was  necessary  to  examine  the  electrical 
conductivity  of  formamide  and  nitrosodimethylamine  in  aqueous  solutions. 


Water  as  Solvent. 

'E.— Formamide,  HCONH^  (M  =  45),  as  Sotiite. 
t^ig°.    Specific  Conductivity  of  the  Water  Used,  Kq  =  2*0  x  lO" 

V  =:     2"22 
K-^=  15-4  X    ID" 

Corr.  K'  =  (K^  —  Ko)  =  13-4  X  iq- 
X^  =    0-0298 


CH  \ 

F. — Nitrosodimethylamine,  cys^/^  —  NO,  Mot.  w.  =  74,  as  Solute. 

t  =  i()'o°  C.    Specific  Conductivity  of  the  Water  Used,  Ko=  rgS  x  io~^. 
(The  nitrosodimethylamine  was  freshly  distilled,  and  its  specific  conduc- 
tivity was  io'8  X  io"~5) 

In  two  series,  made  at  different  times,  were  found  : — 

V=      3761  ...  6-55" 

K„=    Si-o  X  io-^...5i'4  X  10- 

(kJ1ko)=[79-oxio-^..49-4Xio- 

X^  =       0*297  ...  0*324 

Now  we  will  combine  these  values  with  the  conductivity  figures  found 
by  previous  investigators. 


4*44 

.  8*87 

,  17*74 

9*2  X  lo-^. 

.  6*95  X  lo-^. 

•    5"4  X  10- 

7*2  X  10-*.. 

.  4*95  X  lo-^. 

.    3*4  X  10- 

0*0320 

.  0-0439 

,     o'o6i4 

•  7-52' 

..I3-IOII 

..15-041 

,49*4  X  lo-^. 

,.31-7  X  lo-^. 

.29*3  X  10- 

.47*4  X  lo-^ 

..29*7  X  10-^. 

..27*3  X  10- 

.  0-356 

..  0-389 

..  0*411 
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Water  as  Solvent. 


Solutes :  H2SO4, 

HCOOH, 

t  =  19°. 

HCONH,, 

HCN, 

t  =  18°. 

/  =  iS° 

t  =  19°. 

t  =  18°. 

V.         \v. 

V.                \v. 

V.                X^,. 

V.                X,.. 

V.            \,.. 

I       198 

o'47      3-55 

376        0-297 

2-2         0-0298 

2      0-0196 

2      205 

0-91      5-03 

6-55        0-324 

4-4         0-0320 

4      0-0280 

5    214 

(F.  Kohlrausch) 

7'S2    0-356 

8-87      0-0439 

8    0-0342 

10    225 

/=25° 

13-1      0-389 

17-74      0-0614 

16    0-0391 

(F.  Kohlrausch) 

8         16-28 

16             22"67 

(Franke) 

15-04    0-411 

(James 
Walker) 

From  this  table  it  is  evident  that  we  indeed  have  the  same  order  as  in  the 
case  of  water  as  an  electrolyte.     Summarising  the  results  we  can  say  : — 

1.  When  the  most  favourable  physical  conditions  are  chosen — the  highest 
dielectric  constant  and  the  highest  fluidity  of  the  solvent — water,  dissolved 
in  such  a  fluid,  is  generally  not  a  good  electrolyte,  since  the  values  of  the 
conductivity  are  zero  or  very  small. 

2.  Water  becomes,  however,  a  good  or  better  electrol)'te  when  the 
chemical  nature  of  the  solvent  is  distinctly  acid  or  basic  ;  it  is  therefore  fair 
to  assume  that  the  amphoteric  water  must  previously  form  with  the  solvent 
a  kind  of  "salt,"  which  then  is  the  conductor  of  the  electric  current  and  an 
electrolyte. 

3.  It  seems  that  the  same  chemical  causes  and  forces  also  act  when  water 
is  the  ionising  solvent  for  a  body,  not  itself  an  electrolyte  in  the  fluid  state  (for 
example,  many  acids,  basic  bodies,  &c.). 


Professor  Philippe  A.  Guye  (Geneva)  read  a  Paper  on  "  The 
Chemical  Nature  of  Molecular  Association  :  a  Special  Study  of 
the  Case  of  Water." 

The  author  first  wishes  to  express  his  best  thanks  to  the  Council  of  the 
Faraday  Society  for  the  opportunity  given  him  to  recapitulate  and  com- 
plete the  general  results  of  several  pieces  of  work  dealing  with  this  subject 
carried  out  at  Geneva  and  Lausanne.  He  also  apologises  for  this  rather 
hastily  written  paper  and  reserves  the  right  to  complete  it  later.  The  point  of 
view  which  has  always  been  adhered  to  in  the  course  of  the  work  performed 
at  Geneva  is  the  essentially  chemical  character  of  the  phenomenon  known  by 
the  name  of  molecular  association,  or  molecular  polymerisation,  by  which  it  was 
designated  in  our  first  memoirs,*  which  followed  Ramsay  and  Shields'  f 
publication  in  1893  of  their  elegant  method  for  determining  molecular  weights 
from  surface  tension  measurements.  A  short  time  previously  I  had  been  led 
to  consider  matters  from  this  point  of  view  through  studying  substances  at 
their  critical  points  ;  I  had  showed  in  particular  that  the  critical  coefficient, 
that  is  to  say,  the  ratio  T^ :  Pc  of  the  critical  temperature  and  pressure, 
affords  a  means  of  determining  the  molecular  weight  at  the  critical  point. 
For  bodies  such  as  water,  methyl  alcohol,  and  acetic  acid,  this  method  shows 
that  at    the   critical    point    the    homogeneous  medium   is  composed   of    a 

*  Guye,  Arch.  Sc.  phys.  nat.  Geneve,  (3)  31,  38,  164,  176,  463  (1894). 
t  Ramsay  and  Shields,  Zcit.  physiluil.  Clicm.,  I2,  433  (1893). 
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mixture  of  simple  molecules,  H2O,  CH3OH,  CH3COOH,  and  of  polymerised 
molecules  of  the  same  bodies.* 


In  my  memoir  of  1894  I  pointed  out  various  qualitative  rules  for  recog- 
nising polymerisation  in  the  liquid  phase  ;  all  these  rules  were  derived  from 
the  fundamental  notion  that  this  polymerisation  is  purely  chemical  ;  such 
as,  for  example,  the  rule  referring  to  vapour  pressure  curves.  Those  of 
normal  liquids  {i.e.,  those  with  constant  molecular  weight  throughout  the 
liquid  state)  do  not  in  general  cut  each  other  ;  those  of  abnormal  substances 
(i.e.,  those  with  molecular  weights  which  vary  while  in  the  liquid  state) 
intersect  the  first  mentioned.  This  simply  results  from  the  fact  that  if 
the  polymerisation  is  chemical,  the  polymer  always  boils  at  a  higher 
temperature  than  the  simple  substance. 

In  order  to  strengthen  this  hypothesis  at  a  time  when  several  authors  still 
regarded  molecular  association  as  a  formation  of  physical  aggregates  in  some 
way  independent  of  chemical  forces,  we  proved  later  that  molecular  poly- 
merisation in  the  Hquid  phase  depends  essentially  upon  chemical  constitution, 
as  Ramsay  and  Shields  had  already  shown  for  the  OH  group  in  the  aliphatic 
acids  and  alcohols.  Moreover,  our  researches  at  Geneva  and  Lausanne  have 
established  the  fact  that  this  phenomenon  of  polymerisation  is  also  to  be 
found  in  varying  extent  among  the  aliphatic  ketones  and  aldehydes  (CO), 
the  nitriles  (CN),  some  amines  (NH^),  the  oximes  (NOH),  and  the  urethanes 
(CONH2),  so  that  it  seems  that  there  are  certain  groups  capable  of  poly- 
merisation. We  have  found,  moreover,  that  for  the  same  number  of  carbon 
atoms  in  the  molecule,  the  polymerisation  is  more  marked  with  two  of  these 
groups  than  with  one  only.  As  examples,  compare  ethyl  alcohol  (group  OH) 
with  acetic  acid  (groups  CO  and  OH)  ;  an  aliphatic  amine  (group  NH^)  with 
the  corresponding  oxime  (groups  NH2  and  OH)  ;  an  amine  or  a  ketone 
(group  NH2  or  CO)  with  a  urethane  (groups  CO  and  NH2),  &c.  The  sub- 
stances with  two  polymerisable  groups  are  as  a  general  rule  more  poly- 
merised than  those  with  only  one  such  group. f  Consequently,  if  water  is 
apt  to  form  a  dihydrol  (HjO)^,  this  will  polymerise  more  easily  than  the 
monohydrol  H2O  ;  it  is  thus  possible  to  imagine,  under  certain  conditions,  the 
formation  of  highly  complex  and  stable  polyhydrols.  This  point  should  not 
be  lost  sight  of  when  considering  the  theory  of  colloidal  hydrates ;  it  also 
explains  why  the  same  salt  so  easily  forms  a  whole  series  of  different  com- 
pounds with  what  is  known  as  water  of  crystallisation. 

We  have  also  called  attention  to  the  fact  that  the  optical  rotatory  powers 
of  the  simple  and  polymerised  molecules  of  active  amyl  alcohol  and  valeric 
acid  are  certainly  different,!  as  being  another  chemical  characteristic  of 
molecular  association,  for  it  shows  that  the  simple  and  complex  molecules  of 
these  active  bodies  represent  different  chemical  configurations,  and  are 
consequently  chemically  different.  This  leads  to  the  remark  that  of  the 
configurations  by  which  it  has  been  attempted  to  represent  the  polymers  of 
water  and  those  of  the  normal  alcohols  and  acids  of  the  fatty  series,  it  is 

*  Guye,  Arch.  Sc.fliys.  uat.  Geneve,  (3)  23,  197  (1890),  27,  605  (1892)  ;  Ann.  chim. 
phys.,  (6)  21,  206  (1890)  and  26  (1892).  The  method  rigorously  gives  the  molecular 
weight  at  the  limit  of  the  gaseous  phase  at  the  critical  point,  as  I  recognised  later. 

t  Dutoit  and  Friderich,  Arch.  Sc.  phys.  nat.  Geneve,  (4)  I,  9  (1900)  ;  Guye  and 
Baud,  idem,  (4)  11,  449  and  537  (1901)  and  pp.  544  to  546  ;  Homfray  and  Guye, 
J.  Chim.  phys.,  i,  505  (1903)  ;  Przyluska,  idem,'],  511  (1909)  ;  Dutoit  and  Friderich, 
idem,  2,  358  (1904)  ;  Renard  and  Guye,  idem,  5,  81  (1907)  ;  Bolle  and  Guye,  idem,  3, 
38  (1905)- 

I  Guye  and  Aston,  C.  R.,  125,  819. 
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necessary  to  exclude  all  those  which  present  neither  a  plane  nor  a  centre  of 
symmetry,  for  the  bodies  in  question  have  never  given  rise  to  observations 
of  optical  activity. 

These  few  considerations  will  suffice  to  recall  to  mind  the  position  which 
we  have  always  held,  and  from  which  even  in  1901  in  our  joint  paper  with 
M.  Baud,  we  approached  the  question  of  the  molecular  association  in  the 
liquid  phase  in  the  well-known  transformations  of  formic  and  acetic  aldehydes 
into  triple  molecules,  and  of  a  whole  series  of  cyanogen  derivatives  into  their 
triple  molecules. 

II. 

Numerous  researches  carried  out  in  my  laboratory  and  also  in  that  of  Pro- 
fessor P.  Dutoit  at  Lausanne  have  shown  that  if  the  molecular  surface  tension 

a 
■^(Mr;)^    is    a    linear    function    of     the    temperature — a    property    which    is 

essentially  characteristic   of   normal    liquids,    i.e.,   those   which    preserve   a 

constant    molecular    weight    throughout    the    liquid    phase — the    coefficient 

K  =         \  q^'       is  not  precisely  the  same  for  all  substances  as  was  considered 

at  first.  It  may  differ  from  the  mean  value  2'i2  formerly  observed  for  the 
liquids  studied  by  Ramsay  and  Shields,  which  have  nearly  all  the  same  mean 
volatility.  The  coefficient  is  to  a  certain  extent  a  function  of  the  volatility 
of  the  liquid  ;  it  is  smaller  than  2*12  in  the  case  of  some  of  the  liquefied  gases 
(O2,  I "92  ;  CO,  2"oo ;  N2O,  2"20  ;  CO^,  2"22,  Baly  and  Donnan)  ;  *  on  the  other 
hand,  it  reaches  values  approximating  to  2*3  to  2^5  in  the  case  of  liquids 
with  very  high  boiling-points,  naphthaline,  dimethylanile,  quinoline,  &c.  An 
attempt  is  about  to  be  made  to  discover  to  what  extent  this  coefficient 
depends  on  the  volatility  or  other  properties  of  the  liquid.  Whatever  the 
relation  be,  it  is  sufficient  to  notice  at  present  that  the  molecular  weights  of 
liquids  given  by  surface  tension  measurements  can  only  be  regarded  as 
approximate. 

It  may  also  be  mentioned  here  that  the  values  of  the  molecular  weights 
given  by  all  formulas  which  are  based  on  the  knowledge  of  surface  tension 
are  most  probably  only  those  of  the  molecular  weight  in  the  surface  layer. 
Dutoit  and  Mojoiu  have  quite  correctly  laid  stress  upon  this  fact  in  a  recent 
publication  which  will  be  dealt  with  later.  Now  it  is  evident  that  in  this 
layer  the  liquid  may  be  considered  as  to  be  subjected  to  a  higher  internal 
pressure  than  that  which  exists  in  the  interior  of  the  liquid.  The  conse- 
quences of  this  are  as  follows  :  If  there  is  no  polymerisation  in  the  liquid 
state,  the  molecular  weight  in  the  surface  layer  will  be  the  same  as  in  the 
interior  of  the  liquid.  In  this  case  the  molecular  weights,  measured  by  surface 
tension  methods,  will  be  quite  correct. 

But  if  the  liquid  is  polymerised,  it  is  evident  that  the  polymerisation 
cannot  be  the  same  in  the  surface  layer  as  in  the  interior  of  the  liquid.  In 
this  case,  measurements  of  surface  tension  can  give  only  approximate  values 
for  the  molecular  weights,  these  being  probably  too  high. 

The  nearer  the  two  pressures  in  the  layer  and  in  the  interior  are  to  one 
another,  the  nearer  does  the  molecular  weight  in  the  surface  layer  approach 
that  in  the  main  volume  of  liquid  ;  the  greater  the  difference  in  pressure,  the 
greater  the  difference  in  molecular  weight. 

Since  the  internal  pressure  of  the  surface  layer  increases  with  a  decrease 
in  temperature,  the  further  removed  a  polymerised  liquid  is  from  its  boiling- 
point,  the  more  it  is  to  be  expected  that  the  values  for  the  molecular  weight 

*  Baly  and  Donnan,  J.  Chcin.  Soc,  81,  914. 
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determined  from  the  surface  tension  will  be  greater  than  those  which  actually 
correspond  to  the  molecular  weight  in  the  bulk  of  the  liquid.  This  is 
probably  the  reason  for  the  divergence  observed  on  comparing  molecular 
weights  calculated  from  surface  tension  measurements  with  those  obtained 
by  other  methods  (Traube,  Longiniscu).  This  cause  pf  disturbance  may 
also  play  a  part  in  the  anomalies  noticed  in  a  joint  memoir  with  Miss 
Homfray  {loc.  cit.).  It  was  found  in  the  case  of  several  active  maleic  esters 
kindly  placed  at  our  disposal  by  Professor  Walden  that  there  was  an  apparent 
dissociation  in  the  liquid  phase,  or  as  it  is  now  more  correct  to  say  "  in  the 
surface  layer." 

Among  the  various  formulas  proposed  for  the  calculation  of  molecular 
weights  of  liquids  from  surface  tension  measurements,"-'  the  discussion  of 
which,  however,  time  does  not  permit  at  present,  I  should  like  to  draw  atten- 
tion to  the  one  recently  put  forwai'd  by  Dutoit  and  Mojoiu,f  which  we  shall 
use  later,  namely  : — 

M^o-6T(4-8-log/>) 
a' 

It  is  established  for  liquids  of  mean  volatility  ;  a  is  the  specific  cohesion 
(defined  by  a=lir,  where  h  is  the  height  to  which  a  liquid  ascends  in  a  tube 
of  radius  r)  at  the  absolute  temperature,  but  it  must  not  exceed  1,500  mm.  This 
formula  may  be  put  in  the  same  form  as  that  of  Walden,|  and,  indeed,  both  are 
to  be  derived  from  that  of  Kistiakowski. 

The  formula  of  Dutoit  and  Mojoiu,  which  is  based  upon  theoretical  grounds, 
holds  good  for  wide  intervals  of  temperature.  For  example  :  chlorobenzene 
from  0°  to  150°,  M=ii2  to  114,  theory  112.  Quinoline  from  61°  to  193'^, 
M=i20  to  123,  theory  121.  Ethylene  dibromide  from  10°  to  140°,  M=i86  to 
188,  theory  188. 

Most  liquids  which  give  sHghtly  anomalous  values  with  the  formula  of 
Ramsay  and  Shields  become  normal  when  the  relation  of  Dutoit  and  Mojoiu 
is  used.  Moreover,  polymerised  (or  associated)  liquids  preserve  the  same 
characteristics  with  the  new  relation,  but  the  association  factor  is  lower.  For 
example,  in  the  case  of  water  — 


/ 

.V 

•I'l 

x^ 

0° 

2-52 

3-8i 

171 

60° 

2-i8 

3-00 

1-52 

100° 

1-96 

2-66 

I  "40 

1-98  (Walden) 

120° 

1-85 

2-47 

1*35 

X  is  the  association  factor   calculated  according  to  the  formula  of  Dutoit 
and    Mojoiu,  x^,   that  obtained   by  the   relation    of    Ramsay   and   Shields, 

a=(?-^^V,  and    x^  that  derived    from  the   relation   of    Ramsay  and  Ross 

2'12 

Innes,  xi=^77-  (i  +  dt). 

The  coefficients  of  Dutoit  and  Mojoiu  are  completely  in  agreement  with 
recent  results  according  to  which  liquid  water  at  0°  is  mostly  composed  of 
trihydrol,  (H20)3,  and  at  the  boiling-point  of  dihydrol,  (H^O)^.  § 

*  Dutoit,  "  Surface  Tension,"  Wurtz'  Dictionary,  2nd  supp.  v.  7,  686. 
t  Dutoit  and  Mojoiu,  J.  Clicin.  Phys.,  7,  187  (1909).     See  also  a  very  convenient 
apparatus  for  the  simultaneous  determination  of  a  and  p. 
I  Walden,  Zeit.  fhysikal.  Chan.,  65,  129  (1909). 
§  Sutherland,  Transactions  of  tlie  Faraday  Society  (1910). 
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III. 

If  the  phenomenon  of  the  polymerisation  of  Hquids  is  of  an  essentially 
chemical  nature,  it  must  necessarily  follow  the  laws  of  chemical  mechanics 
both  in  the  gaseous  and  in  the  liquid  phase. 

As  a  particular  case,  let  us  consider  unsaturated  water  vapour  at  ioo°, 
and  under  a  pressure  very  near  to  that  of  the  saturated  vapour.  The 
equilibrium  between  the  molecules  H^O,  with  a  concentration  Cj  referred  to 
an  arbitrary  unit  of  volume,  and  the  molecules  (HaO),  at  concentration  c^  is 
determined  by  the  equation 

c.  =  Kc? (i) 

Compress  this  vapour  isothermally  to  a  pressure  just  greater  than  that  of 
saturated  water  vapour  ;  entire  liquefaction  will  occur,  and  the  final  volume 
will  be  ilv  times  the  initial  volume,  where  v  is  the  ratio  of  the  specific 
gravity  of  liquid  water  to  that  of  its  saturated  vapour  at  the  temperature  in 
question. 

The  equilibrium  between  the  molecules  (Ho0)2  at  concentration  c'^  and 
the  molecules  H^O  at  concentration  c'j,  in  liquid  water,  is  expressed  by  the 
relation 

c\  =  K'ic\y (2) 

Equilibria  at  constant  temperature  between  substances  varying  their 
volumes  within  wide  limits  have  been  so  little  studied  that  the  connection 
between  K  and  K'  is  not  known.  It  has  been  asserted  that  K  can  differ  from 
K',  but  no  proof  has  been  given  that  this  fact  is  a  necessity.  Consequently, 
the  possibility  that  K  is  equal  to  K'  may  still  be  considered. 

In  addition,  the  facts  that  at  a  constant  temperature  K  remains  practically 
constant  for  considerable  variations  in  the  specific  volume  of  a  gas  (for 
example,  2  NO^^^NaOa)  and  that  the  passage  from  the  gaseous  to  the 
liquid  state  may  be  considered  as  taking  place  continuously  along  the 
characteristic  curve  of  Thomson-van  der  Waals,  may  be  regarded  as  evidence 
in  favour  of  the  equality  of  K  and  K'. 

When  theory  is  doubtful,  the  best  expedient  is  to  have  recourse  to  practice, 
and  consequently  I  have  had  the  curiosity  to  calculate  the  ratio  of  c'2  to  c'l  in 
the  case  K'  is  equal  to  K.  This  means  to  say  that  equation  (2)  must  be 
replaced  by  the  following  : 

c',  =  K{c\y (2') 

It  is  interesting  to  calculate  the  concentrations  of  the  simple  and  double 
molecules  in  liquid  water  and  hence  deduce  the  coefficient  of  association,  on 
the  assumption  that  the  corresponding  quantities  in  the  gaseous  phase  are 
known. 

This  may  be  done  as  follows  :  * 

Assuming  that  the  equilibrium  constant  K  is  the  same  for  the  liquid  and 
gaseous  phase  in  the  equilibrium  2H20^=^(H20)2,  to  calculate  the  amount 
of  association  in  the  liquid  phase  when  the  same  quantity  is  known  in  the 
gaseous  phase. 

Consider  unit  volume  of  liquid  water  at  a  given  temperature.  Let  there  be 
wii  molecules  of  H2O  and  m^  of  (H20)2. 

*  At  the  meeting  on  April  26th  I  gave  an  approximate  method  of  calculation  from 
which  the  values  2-07,  1-99,  and  1-85  were  obtained  for  the  coefficient  of  association 
,r  for  water  at  the  temperatures  80°,  100°,  and  120°  respectively.  It  is,  however,  pre- 
ferable to  reproduce  here  a  rigid  method  worked  out  by  Mr.  H.  E.  Watson,  whom 
I  thank  for  also  making  the  following  calculations.  The  general  conclusions  remain 
the  same  and  are  given  as  before. 
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Then- 
Mr,  =K(;;7,)=     (i) 

Now  allow  this  quantity  of  water  to  expand  isothermally  until  just  con- 
verted completely  into  vapour.  Let  the  volume  be  v  ;  /7,,  «,  the  number  of 
molecules  of  HoO  and  (HsO)^  respectively. 

Then  — 

^-!i=  K('h\ (2) 

Also  considering  the  single  molecules  to  be  of  unit  weight,  the  total  mass  in 
the  two  cases  is  Wj  +  2W2  and  n^  +  2112.  These  must  be  equal,  and  hence  we 
may  write — 

»;i  +  2;«2:=  «,  +  2n2  =  N        ....         (3) 

Again,  the  mean  molecular  weight  of  the  liquid  x  (or  the  coefficient  of 
association)  is  equal  to — 

7»i  +  2m2 N  ,  . 

m^  +    ma        mi  +  OT2       ' 

And  if  y  is  the  ratio  of  the  weight  of  the  single  molecules  in  the  gas  to  that  of 
the  double  molecules — 


'  =  ^ (5) 


_  n, 
y 

By  (i)  and  (3)- 

m2  =  K(N  —  zriii)- 
the  solution  of  which  is 

m.  =  (4NK  +  I  ±  V  I  +  8NK)/8K 
hence  by  (3) — 

m,  =  {—  I  q=  Vi  +8NK)/4K. 

Now  Wi  must  be  positive — 


.-.  m,  =  (  —  I  +   V  I  +  8NK)/4K  ^ 

andw3=(4NK+i—  J  1  +  8NK)/8K  J 


(6) 


Agam  by  (2)  —  =  — -' 


■■  by  (5)  —  =„—  or  ih  =__  and  n,  =  -^^ 
V        2y  2Ky  ^Ky 

.-.  by  (3)  N  =  -^-  +  _^or  NK  =  ^-ili+i^ 
2Ky       2Ky^  2y^ 

If  now  this  value  of  NK  be  substituted  in  equation  (6)  and  the  values  for 
Wi,  m^  thus  obtained  substituted  in  (4)  and  the  whole  expression  simplified, 
the  value 

,^_2v{i+y)—y'  —  yJ  4  v  (i  +  y)  +  y- 

v{i+y)  —  2y''  '         '         •         ^7; 

is  obtained. 

It  may  be  observed  that  if  v{i  +y)  =  2y^  the  numerator  and  denominator 
both  vanish,  so  that  negative  values  of  x  are  not  obtained. 

In  order  to  apply  this  formula  to  water,  the  values  of  y  and  v  must  be 
known.  The  former  are  deduced  from  the  coefficients  of  dissociation  of 
water  vapour  H^O-,  as  calculated  by  Bose,*  who  denotes  by  a  the  degree  of 

*  Bose,  Zcit.  /.  Elektrochcm.,  14,  270. 
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dissociation  referred  to  one  original  molecule  of  H^O,  so  that  aji^^-a)'=y- 
On  the  other  hand,  the  values  of  v  may  easily  be  calculated.'''  If  this  be 
done,  the  following  values  of  x  for  liquid  water  between  80°  and  100°  are 
obtained  : 


/ 

a 

V 

X  (calc.) 

80° 

0-913 

3,285 

1-90 

100° 

0-911 

1,582 

1-86 

120° 

o'gio 

826-6 

1-82 

.V  (from  surface  tension 
(R.  &  S.)     (R.  &  R.  I.) 

measurements) 
(D.  &  M.) 

2-83 

1-46 

2-07 

2*64 

1-40 

1-96 

2-47 

1-35 

1-85 

The  coincidence  in  the  order  of  magnitude  of  the  values  of  x — the  only 
point  which  can  be  considered  at  present — is  certain. 

We  have  found  analogous  results  with  other  substances,  such  as  acetic 
acid  and  nitrogen  peroxide ;  they  will  be  published  later,  together  with  other 
calculations,  for  which  much  valuable  material  is  furnished  by  the  classic 
researches  of  Ramsay  and  Young  and  Ramsay  and  Shields. 

At  present,  we  conclude  that  if  it  be  assumed  that  at  constant  temperature 
the  equilibrium  constant  is  the  same  in  the  liquid  and  gaseous  phases,  it  is 
possible  to  determine  a  priori  the  order  of  magnitude  of  the  polymerisation 
in  the  liquid  phase,  if  the  polymerisation  in  the  gaseous  phase  is  known. 

Some  useful  observations   may   be   made  upon  the  preceding  relations. 

1.  The  first  concerns  the  considerable  disproportion  between  the  amount 
of  polymerisation  in  the  two  phases.  For  this  purpose,  let  us  consider  a 
general  and  hypothetical  case,  and  suppose  that  the  dissociation  in  the  vapour 
is  successively  0-99,  0*999,  ^^'^'^  o'9999-  For  a  ratio  oi  v  ■=  1,000  between  the 
specific  volume  of  the  two  phases,  the  following  values  of  x  are  obtained  : — 

x\ 

0*9900  1-58 

0'9990  I  "24 

o'9999  I  '04 

That  is  to  say,  it  is  sufficient  for  the  polymerisation  in  the  gaseous  phase  to  be 
of  the  order  of  1/10,000  for  it  to  be  appreciable  in  the  liquid  phase ;  and  con- 
versely, if  a  body  is  not  polymerised  in  the  liquid  phase,  it  cannot  be  so  in  the 
gaseous  phase.  Hence,  when  a  substance  is  normal  in  the  liquid  phase,  small 
deviations  from.  Avogadro's  law  in  the  gaseous  phase  cannot  be  attributed  to  a 
partial  polymerisation  of  the  vapour;  they  arise  solely  from  the  equation  of 
state. 

2.  The  compression  of  a  liquid  such  as  water  has  little  effect  upon  its 
volume  ;  it  is  necessary  to  exert  very  high  pressures  to  reduce  a  volume  i  to 
one  only  slightly  smaller  {1  —  a).  Consequently,  the  equilibrium  between 
the  various  constituents  will  be  very  little  altered,  the  change  being  only  in 
the  ratio  1/(1  —  a)=,  or,  a  being  small,  i/i  —  2a. 

3.  It  may  also  be  observed  that  as  the  pressure  in  the  surface  layer  is 
always  greater  than  in  the  interior  of  the  liquid,  the  specific  volume  in  the 
surface  layer  will  always  be  smaller,  and  therefore,  if  the  liquid  is  polymerised, 
the  polymerisation  will  always  be  greater  in  the  surface,  layer  than  in  the 
interior  of  the  liquid. 

A  similar  remark  may  be  made  in  the  case  of  liquids  which  dissociate  in 
the  liquid  phase.  In  this  case  the  dissociation  will  be  greater  in  the  surface 
layer  than  in  the  interior  of  the  liquid. 

*  All  quantities  necessary  for  this  calculation  may  be  found  in  Landolt  and  Born- 
stein's  tables,  1905,  pp.  39  and  127. 

t  The  approximate  values  given  at  the  meeting  on  April  26th  are  1-84,  1-33 
and  105. 
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4.  In  the  preceding  we  have  only  considered  that  the  equilibrium  between 
dihydrol  and  monohydrol  is  of  the  form  M„.  ^  >  mM.  This  relation  can 
evidently  be  studied  when  m  has  values  other  than  2,  even  in  the  neighbour- 
hood of  100°.  It  is  also  interesting  to  study  in  a  similar  manner  equilibria  of 
the  form  «M„,^=^iuM„,  such  as  may  exist  at  low  temperatures  between 
trihydrol  and  monohydrol.  In  this  way,  it  would  be  possible,  especially  if 
an  exact  method  for  determining  the  coefficient  of  association  x  were 
available,  to  reverse  the  problem,  that  is  to  say,  determine  the  equilibrium 
constant  in  the  liquid  phase  from  this  coefficient,  and  see  if  the  hypothesis 
K  =  K'  were  confirmed  or  not  by  experiment. 

The  preceding  considerations  are  only  an  outline  of  the  subject  :  I  pro- 
pose to  develop  them  more  completely.  They  appear  to  form  new  evidence 
in  favour  of  the  chemical  conception  of  the  phenomena  of  association  or 
polymerisation  in  the  liquid  phase  of  water  or  other  associated  liquids. 

Mr.  W,  E.  Bousfield,  M.A.,  K.C,  and  Dr.  T.  Martin  Lowry  read 
a  Paper  entitled  "  Liquid  Water  a  Ternary  Mixture :  Solution 
Volumes  in  Aqueous  Solutions." 

The  properties  of  water  have  been  investigated  by  two  principal  methods. 

The  _firsi,  and  more  obvious,  metliod  consists  in  studying  the  properties 
of  the  liquid  at  different  temperatures  and  comparing  its  behaviour  with 
that  of  other  typical  liquids.  Such  a  comparison  at  once  reveals  many 
exceptional  properties — an  extraordinarily  high  boiling-point  in  comparison 
with  the  molecular  weight  deduced  from  the  density  of  its  vapour,  a  specific 
heat  almost  twice  as  great  as  that  of  all  other  liquids,  an  expansion  instead 
of  a  contraction  on  solidification,  and  above  all  a  contraction,  which  appears 
to  be  absolutely  unique,  in  the  volume  of  the  liquid  when  heated  between 
0°  and  4"  C.  It  was  as  a  result  of  considerations  of  this  kind  that  Rontgen 
was  led  in  1891  ■■'■  to  put  forward  the  view  that  liquid  water  is  a  binary 
mixture  of  "  water-molecules "  with  "  ice-molecules  "  of  greater  complexity 
but  smaller  density,  so  that  when  the  liquid  is  heated  and  these  complexes 
are  decomposed  a  contraction  is  produced  which  is  sufficient  between  0°  and 
4°  to  counteract  the  ordinary  thermal  expansion  of  the  liquid,  whilst  at 
slightly  higher  temperatures  it  has  the  effect  of  reducing  the  coefficient  of 
expansion  to  exceptionally  small  dimensions. 

Rontgen's  general  considerations  were  developed  quantitatively  by 
Sutherland  in  1900  in  a  paper  on  "  The  Molecular  Constitution  of  Water."  f 
Using  Mendeleef's  equation  for  the  density  of  water,  and  assuming  that  the 
straight  line  to  which  the  density-temperature  curve  of  water  approximates 
at  higher  temperatures  represents  the  normal  behaviour  of  one  of  its  simple 
constituents,  he  deduced  for  this  constituent  a  density  i'oSq  at  0°  and  a 
coefficient  of  expansion  o'ooog.  For  the  more  bulky  "  ice-molecules "  he 
assumed  a  density  o"88  at  0°  {i.e.,  as  in  the  case  of  the  metals,  3  to  4  per  cent, 
less  than  the  density  of  the  solid)  and  a  coefficient  of  expansion  o"ooo2. 
The  proportions  of  the  latter  constituent  were  then  calculated  to  be  as 
follows  : — 

O^.  20°. 

o"375        0-321 

It  was  further  suggested  that  whilst  steam  consisted  of  simple  hydrol-mole- 
cules,    HoO,  ice  consisted  of   trihydrol    H6O3,  and  water  was  a    mixture  of 

*    IVicd.  Ann.,  45,  91. 

t  Phil.  Mag.,  1900  (5),  50,  460. 


40P. 

Goo. 

80°. 

100°. 

1 20^. 

140=. 

198=. 

i'284 

0-255 

0-234 

0-217 

0-203 

O-I9I 

0-165 
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trihydrol  and  dihydrol,  H4O2,  the  latter  being  the  typical  "  water-molecule  " 
of  Rontgen's  theory.  The  presence  of  "hydrol"  or  "steam"  molecules  in 
liquid  water  was  entirely  omitted  from  Sutherland's  calculations,  which 
were  based  directly  upon  the  assumption  that  only  two  constituents  need 
be  considered. 

The  theory  to  which  we  now  desire  to  direct  attention — that  water  is 
essentially  a  ternary  mixture — was  forced  upon  us  as  the  result  of  an  investi- 
gation carried  out  according  to  the  second  method,  which  depends  on  a 
careful  comparison  of  the  properties  of  water  with  those  of  a  series  of 
aqueous  solutions  of  which  it  may  be  regarded  as  the  limiting  member. 
This  method,  when  applied  to  aqueous  solutions  of  caustic  soda,*  at  once 
revealed  the  fact  that  water  is  the  most  complex  member  of  the  series, 
and  that  with  increasing  concentration  of  caustic  soda  the  behaviour  of  the 
liquid  becomes  increasingly  simple.  Thus  it  was  found  that  the  maximum 
in  the  density-temperature  curve  of  water  disappeared  on  the  addition  of 
2  per  cent,  of  sodium  hydroxide ;  from  12  per  cent,  upwards  the  curves 
could  be  represented  by  simple  parabolic  formulas,  and  at  42-5  per  cent,  the 
relationship  between  density  and  temperature  became  strictly  linear  over 
the  range  from  0°  to  100°  C. 

A  careful  study  of  the  "  solution  volumes "  of  caustic  soda  at  different 
concentrations  and  at  different  temperatures  showed  further  that  the 
abnormal  properties  of  water  were  not  confined  to  the  neighbourhood 
of  the  freezing-point,  but  that  a  second  abnormality,  which  did  not  appear 
to  have  been  recognised  previously,  appeared  in  the  neighbourhood  of 
60°,  and  developed  with  increasing  magnitude  as  the  boiling-point  was 
approached.  This  second  abnormality  was  attributed  to  the  production 
of  "steam-molecules"  of  simpler  composition,  but  (like  Rontgen's  ice- 
molecules)  possessing  a  greater  specific  volume  than  the  typical  water 
molecule. 

According  to  the  view  thus  put  forward  the  behaviour  of  water  is  charac- 
terised by  a  certain  degree  of  symmetry.  Cooling  the  liquid  results  in  the 
production  of  more  polymerised  ice-molecules  :  heating  it  causes  dissocia- 
tion, yielding  more  steam-molecules.  Each  of  these  chemical  changes  is 
accompanied  by  an  increase  of  volume,  this  increase  being  superposed  upon 
the  expansion  or  contraction  which  results  from  mere  alterations  of  tempera- 
ture. But  whereas  the  formation  of  ice-molecules  acts  in  opposition  to  the 
volume  change  produced  by  a  fall  of  temperature,  and  from  4°  to  0°  C. 
turns  the  usual  contraction  on  cooling  into  an  expansion,  the  formation 
of  steam-molecules  acts  in  harmony  with,  and  merely  increases  the  magni- 
tude of  the  expansion  which  normally  accompanies  a  rise  of  temperature. 
It  is  for  this  reason  that  the  important  part  played  by  the  dissociation  of 
water  into  steam-molecules  has  been  largely  overlooked,  whilst  the  effects 
produced  b}'  its  association  into  ice-molecules  have  been  recognised  univers- 
ally during  a  period  of  nearly  twenty  years. 

The  conception  of  water  as  a  ternary  mixture  of  ice,  water,  and  steam 
molecules  is  such  an  obvious  extension  of  the  theories  of  Rontgen  and 
Sutherland  that  it  is  remarkable  that  it  has  not  been  more  widely  advocated. 
Sutherland,  however,  was  quite  definite  in  his  refusal  to  recognise  the  pres- 
ence of  steam-molecules  as  a  third  constituent  of  liquid  water,  even  at  the 
critical  temperature,  and,  indeed,  his  methods  of  calculation  would  have 
been  vitiated  at  once  if  any  appreciable  quantity  of  a  third  component 
had  been  present  in  the  system  which  he  had  under  consideration.  Tamman 
also,  who  made  use  of  the  composite  character  of  liquid  water  to  account  for 

*  Bousfield  and  Lovvry,  Phil.  Trans.,  1905,  A.  204,  282. 
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his  observations  on  the  compossibility  of  the  Hquid,  was,  hke  Rontgen,  quite 
content  to  regard  it  as  a  binary  mixture,  (HgO);?  ^=:>nHsO. 

The  only  earlier  reference  that  we  have  been  able  to  find  to  the  ternary 
character  and  dual  dissociation  of  water  is  a  suggestion  in  a  paper  by  Cal- 
lendar  on  "Continuous  Electric  Calorimetry."  *  He  remarks  that  the  increase 
of  specific  heat  which  takes  place  at  temperatures  above  40°  C.  may  be  due 
to  the  "  presence  of  a  certain  proportion  of  dissolved  molecules  of  steam, 
which  may  doubtless  account  for  part  of  the  thermal  expansion  of  the  liquid." 
"  On  similar  grounds  it  would  be  natural  to  suppose  that  the  increase  of  the 
specific  heat  as  we  approach  the  freezing-point  was  due  to  the  presence  of  a 
certain  proportion  of  dissolved  ice-molecules,  which  are  also  required  to 
account  for  the  anomalous  expansion.  But  here  there  is  no  obvious  guide 
to  the  proportion  required  or  to  the  latent  heat  of  solution  to  be  assumed. 
The  basis  adopted  by  Sutherland  appears  to  be  too  empirical,  and  the  results 
to  which  it  leads  are  too  vague  and  inexact  to  permit  of  a  profitable  com- 
parison with  experiment." 

The  existence  of  the  minimum  valiie  of  the  specific  heat  of  water  had, 
before  reading  the  paragraph  quoted  above,  been  considered  by  us  in 
relation  to  its  bearing  on  the  question  of  the  constitution  of  water.  The 
conclusion  at  which  we  arrived  was  that  the  decrease  of  specific  heat  from  0° 
to  30°  or  40°  C.  might  well  be  due  to  a  gradual  reduction,  as  the  process 
tended  towards  completion,  of  the  amount  of  heat  absorbed  in  the  dissocia- 
tion of  ice-molecules,  but  that  the  increase  of  specific  heat  which  follows  at 
higher  temperatures  was  too  general  a  phenomenon  to  be  regarded  as 
evidence  of  a  further  dissociation  of  water  into  steam.  The  only  case  of 
which  we  are  aware  in  which  no  such  increase  takes  place  is  that  of  metallic 
mercury,  the  specific  heat  of  which  decreases  slightly  as  the  temperature 
rises.  This  decrease,  which  is  accompanied  by  a  small  decrease  in  the 
coelBcient  of  expansion,  affords  very  clear  evidence  that  in  this  case  there  is 
no  question  of  a  gradual  dissociation  of  liquid  into  vapour-molecules.  The 
converse  proposition — that  an  increase  of  specific  heat  necessarily  implies 
the  occurrence  of  such  a  dissociation — cannot,  however,  be  maintained,  as  it 
is  well  known  that  a  similar  increase  occurs  in  the  case  of  all  gases  except 
tJiose  whose  molecules  are  monatomic.  The  exceptional  behaviour  of  mercury 
must  therefore  be  attributed  not  merely  to  the  absence  of  molecular  com- 
plexes but  also  to  the  fact  that  the  molecules  are  themselves  made  up  of 
single  atoms.  If  then  an  increase  of  specific  heat  with  rising  temperature 
is  a  normal  characteristic  of  all  liquids  whose  molecules  contain  two  or  more 
atoms,  the  increase  which  occurs  in  the  case  of  water  could  only  be  regarded 
as  a  proof  oi  dissociation  if  it  could  be  shown  that  the  increase  is  too  great  to 
be  accounted  for  as  an  effect  of  physical  (as  distinct  from  chemical)  changes 
taking  place  in  the  liquid. 

The  compressibility  of  water,  like  the  specific  heat,  reaches  a  minimum 
value  at  intermediate  temperatures.  This  fact  is  in  accord  with  the  view  that 
a  less  dense  type  of  molecule  is  present  in  the  hot  as  well  as  in  the  cold 
liquid.  But  as  the  compressibility  of  all  liquids  tends  to  increase  as  the 
temperature  rises,  too  much  stress  must  not  be  laid  upon  this  observation  as 
demonstrating  the  occurrence  of  a  second  type  of  dissociation  in  the  liquid. 
It  is,  however,  noteworthy  that  here  again  the  properties  of  water  are 
observed  to  develop  in  a  symmetrical  manner  at  high  and  low  temperatures, 
the  turning-point  being  near  to  that  recorded  for  the  specific  heat  and  for 
some  of  the  solution-volume  curves. 

When  dealing  with  solution-volumes  we  are  on  much  safer  ground.     The 

*  Phi!.  Trans.,  1902,  A.  199,  147. 
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normal  form  of  the  curve  is  again  one  which  shows  an  upward  slope  with 
rising  temperature,  but  whilst  the  low  temperature  dissociation  of  ice  into 
water  merely  tends  to  increase  the  existing  slope,  the  high  temperature 
dissociation  of  water  into  steam  tends  to  decrease  it,  and  when  the  decrease 
is  large  may  actually  cause  the  curve  to  turn  downwards  instead  of  upwards. 
When  this  is  the  case  it  is  clear  that  the  usual  pltysical  effects  of  a  rise  of 
temperature  have  been  completely  overcome  by  some  chemical  change  taking 
place  in  the  hot  liquid,  and  accompanied  (like  the  conversion  of  ice  into 
water)  by  a  marked  alteration  of  volume. 

It  is  of  interest  to  note  that  whilst  the  theory  that  water  is  a  ternary 
mixture  affords  a  satisfactory  explanation  of  the  physical  properties  of  water, 
Armstrong,*  looking  at  the  question  from  a  chemical  point  of  view,  has 
suggested  the  possibility  of  isomeric  water-molecules  of  equal  molecular 
complexity  but  different  structure.  The  typical  example  is  the  isomerism  of 
"  dihydrone  " — 

>  n  —  n  / 


0  =  0^ 

H/    *        \h 


with  "hydronol" — 


H/       \0H 


These  two  compounds  are  distinguished  by  the  fact  that  in  the  former 
each  molecule  remains  intact,  whilst  in  the  latter  one  of  the  molecules  is 
resolved  into  its  constituent  radicles  H  and  OH,  and  thus  acquires  a  greatly 
increased  chemical  activity.  This  activity  may  perhaps  be  regarded  as  the 
analogue — from  the  standpoint  of  the  "  association "  theory  of  chemical 
change — of  the  "ionisation"  or  "electrolytic  dissociation"  of  water.  The 
existence  of  isomerism  would  render  the  liquid  more  complex  than  we  have 
supposed,  but  would  not  substantially  affect  our  argument.  The  chief 
difference  would  be  that  dihydrol,  and  perhaps  trihydrol,  must  be  thought 
of  as  mixtures  having  a  given  average  density  instead  of  as  simple 
substances. 

Part  II.  Solution-volumes  in  Aqueous  Solutions. 

The  "  solution-volume  "  of  a  solute  may  be  defined  as  the  increase  in  the 
volume  of  the  liquid  which  takes  place  when  i  gram  of  the  solute  is  dissolved 
in  a  given  volume  of  the  solvent.  Thus  when  a  gram  of  common  salt  is 
dissolved  in  lOO  c.c.  of  water,  the  volume  of  the  liquid  is  increased  to 
ioo'2  c.c,  and  the  "solution-volume"  of  the  salt  is  therefore  0'2  c.c. 
per  gram. 

At  first  sight  it  might  appear  that  the  solution-volume  would  be  identical 
with  the  volume  of  the  solute  in  the  liquid  state,  and  that  the  density  of  the 

liquid  salt  might  be  taken  as   -;-  =  5  grams  per  c.c.     This  simple  view  is, 

however,  at  once  overthrown  by  the  fact  that  solution-volumes  are  found  to 
vary  not  only  with  the  temperature,  but  also  with  the  concentration  of  the 
solution,  so  that  the  liquid  salt  would  have  a  different  density  in  a  i  per  cent., 
a  5  per  cent.,  and  a  10  per  cent,  solution. 

An  even  more  emphatic  repudiation  of  this  simple   theory  of  solution- 

*  Proc.  Roy.  Soc,  1908,  81,  A.  8C-95. 
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volumes  is  afforded  by  the  behaviour  of  dilute  solutions  of  caustic  soda. 
When  a  gram  of  soda  is  dissolved  in  100  c.c.  of  water  at  a  temperature  of 
about  20°,  the  volume  of  the  solution  is  found  to  be  the  same  as  that 
originally  occupied  by  the  water;  the  solution-volume  of  the  soda  is 
therefore  zero,  and  its  density,  deduced  as  suggested  above,  would  be 
infinite.  Further,  if  the  dissolution  take  place  at  0°  instead  of  20°,  the 
volume  of  the  liquid  actually  becomes  less  by  0-05  c.c.  ;  the  solution-volume 
is  therefore  negative,  and  the  density  of  the  liquid  soda  would  work  out  at 
minus  20  !  Similar  negative  solution-volumes  are  observed  at  all  concentra- 
tions up  to  14  per  cent,  at  o"^  C.  and  up  to  10  per  cent,  at  100°,  so  that  it  is 
actually  possible  to  dissolve  140  grams  of  soda  in  a  litre  of  ice-water  or 
100  grams  of  soda  in  a  litre  of  boiling  water  without  increasing  in  the 
slightest  degree  the  volume  of  the  liquid. 

From  these  observations  it  is  clear  that  solution-volumes  are  largely 
influenced  by  the  contraction  which  frequently  occurs  on  mixing  two 
liquids,  and  that  in  some  cases  this  contraction  rather  than  the  actual 
volume  of  the  added  solute  is  the  main  factor  in  determining  the  magni- 
tude of  the  solution-volume.  It  thus  appears  that  the  solution-volume 
represents  not  the  real  volume  of  the  solute  in  the  liquid  state,  but  that 
quantity  diminished  by  the  contraction  which  has  taken  place  on  solution. 
Hence,  while  the  solution-volume  has  under  such  conditions  no  interest  as  an 
indication  of  the  actual  volume  occupied  by  the  solute,  it  becomes  of  great 
value  as  an  expression  of  the  volume-changes  which  accompany  dissolution. 
In  the  case  of  solid  solutes  it  affords,  indeed,  the  most  convenient  way  of 
expressing  these  changes,  and  it  is  in  this  sense  that  it  is  made  use  of 
throughout  the  succeeding  paragraphs. 

In  the  case  of  a  simple  liquid  the  thermal  expansion  usually  proceeds 
in  such  a  way  that  the  rate  of  increase  of  volume  becomes  progressively 
greater  as  the  temperature  rises.  The  normal  type  of  solution-volume 
curve  must  evidently  be  of  the  same  character,  turning  upwards  more  in 
the  regions  of  higher  temperature.  Deviations  from  this  type  are  to  be 
attributed  to  changes  of  volume  occurring  in  the  process  of  solution,  and  in 
the  case  of  aqueous  solutions  to  a  contraction  resulting  from  the  formation 
of  hydrates.  A  constant  contraction  would,  of  course,  affect  only  the 
position  and  not  the  form  of  the  volume-temperature  curves ;  the  large 
distortions  which  are  actually  observed  must  therefore  be  attributed  to 
variations  in  the  amount  of  the  contraction  at  different  concentra- 
tions and  at  different  temperatures.  These,  in  their  turn,  might  be 
attributed  either  to  changes  in  the  amount  or  in  the  density  of  the  combined 
water,  or  to  variations  in  the  density  of  the  pure  water  with  which  the 
comparison  is  made  in  calculating  the  magnitude  of  the  contraction. 
The  simpler  behaviour  of  concentrated  solutions  suggests  that  the  dis- 
tortion of  the  solution-volume  curves  is  more  largely  due  to  the  changing 
character  of  the  solvent  than  to  alterations  in  the  hydration  of  the  solute,  but 
it  is  important  tliat  the  latter  factor  should  also  be  borne  in  mind. 

Change  of  Wafer-combination  with  Temperature. 

In  the  case  of  electrolytes  this  change  affects  both  the  ionised  and  the 
un-ionised  part  of  the  solute.  As  illustrating  the  former,  it  may  be  noted 
that  Kohlrausch  in  1902  pointed  out*  that  with  rising  temperatures  the  ionic 
mobilities  approximate  towards  equality.  At  temperatures  above  the  normal 
boiling-point  of  water  this  effect  becomes  increasingly  important,  as  may  be 

*  SUz.  bei;  Prcuss.  Akad,  Wiss.,  26,  571. 
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seen  by  referring  to  the  observations  of  Noyes  and  Coolidge  *  on  sodium  and 
potassium  chlorides,  which  give  the  following  results  : — 

KCl ... 
NaCl 

Ratio  ...     i'i94      i'i44      i'i3o      1-126       i'o86       1-036       1-037 

These  figures,  when  set  out  in  a  diagram,  show  a  linear  relationship  between 
the  ratio  of  the  molecular  conductivities  and  the  temperature,  and  indicate 
that  the  ratio  would  actually  become  unity  at  360°  C. — a  temperature  which 
agrees  closely  with  the  accepted  value  (365°  C.)  for  the  critical  temperature 
of  water.  The  inference  to  be  drawn  from  these  figures  is  that  at  low 
temperatures  the  sodium  ion  with  its  combined  water  is  considerably 
bulkier  than  the  potassium  ion,  but  that  at  high  temperatures  the  two  ions 
approximate  to  equal  size,  owing  to  the  loss  of  water  with  rising  temperature. 

The  effect  of  this  loss  of  water  would  be  to  diminish  the  amount  of 
contraction  and  to  increase  the  solution  volume  at  higher  temperatures. 
Although  this  effect  might  be  confused  with  the  well-recognised  abnor- 
malities which  result  from  the  formation  and  dissociation  of  "  ice-molecules  " 
in  the  neighbourhood  of  the  freezing-point,  yet  it  would  influence  the 
solution-volume  temperature  curves  in  the  opposite  direction  to  those 
abnormalities  which  we  have  observed  at  higher  temperatures,  and  have 
attributed  to  the  presence  of  bulky  "  steam-molecules  "  in  the  hot  solvent, 
and  the  destruction  of  some  proportion  of  them  by  the  introduction  of  the 
solute.  That  is  to  say,  when  a  droop  in  the  solution-volume  curves  occurs 
with  rise  of  temperature,  it  takes  place  in  spite  of  the  progressive  diminution 
of  the  amount  of  combined  water,  so  that  this  is  only  somewhat  diminished 
thereby. 

Density  of  Combined  Water. 

The  influence  of  the  formation  of  hydrates  on  the  solution-volume  of  a 
solute  cannot  be  accounted  for  unless  some  abnormal  value  be  assigned  to 
the  density  of  the  water  in  combination  with  the  solute.  And  as  hydrate- 
formation  is  always  accompanied  by  a  contraction  of  volume,  it  is  clear 
that  this  density  must  be  greater  than  that  of  water  in  its  ordinary  state. 
Attention  has  been  paid  at  various  times  to  the  density  of  water  in  combina- 
tion with  metallic  salts  in  the  form  of  "water  of  crystallisation."  Thus,  as 
long  ago  as  1875,  F.  W.  Clarke  f  attributed  to  water  of  crystallisation  a 
molecular  volume  of  14  c.c.  Similar  values  were  deduced  by  Thorpe  and 
\Vatts,|  who  determined  the  increase  of  molecular  volume  due  to  the  com- 
bination of  successive  molecules  of  water  with  the  sulphates  of  the  divalent 
metals,  the  average  values  being — 

10-7,  13-3,  14-5,  15-4,  14-2,  17-1,  I4-I— Mean,  14-5  c.c, 

in  close  agreement  with  the  figure  given  by  Clarke.  These  values  would 
give  a  density  1-24  for  the  water  of  crystallisation  of  this  series  of  salts. 

Very  little  information  is  available,  on  the  other  hand,  as  to  the  density  of 
the  combined  water  in  aqueous  solutions.  Southwell,  in  i88o,§  put  forward 
evidence  in  favour  of  the  view  that  the  increase  in  volume  when  a  hydrated 
salt  is  dissolved  in  water  is  equal  to  the  volume  of  the  water  added  as  a 

•  Carnegie  Report  on  the  Electrical  Conductivity  oj  Aqneoiis  Solutions,  1907,  p.  47. 
t  Chem.  Ccutr.,  1875,  146  :   Abstr.  1875,  ii57- 
I   Trans.  Client.  Soc,  1880,  yj,  i^S- 
§  Anicr.  Jour.  Sci.,  37,  17,  397-401. 
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constituent  of  the  hydrated  salt  without  any  additions  due  to  the  volume  of 
the  salt  itself;  but  although  he  observed  a  good  agreement  in  the  case 
of  the  sulphates,  it  is  clear  that  his  theory  cannot  be  of  any  general  appli- 
cability, since  it  leads  to  a  zero  value  for  the  solution-volume  of  all  anhydrous 
salts  ! 

Whilst  the  fact  that  a  contraction  in  the  total  volume  usually  accompanies 
the  dissolution  of  a  salt  shows  clearly  that  the  combined  water  must  be  credited 
with  a  greater  density  than  that  of  the  water  in  a  free  state,  the  numerical 
value  of  the  density  cannot  even  be  estimated  unless  the  degree  of  hydration 
of  the  salt  in  solution  can  be  determined.  This  has  only  been  accomplished 
in  a  few  cases  and  in  very  recent  years,''-  and  we  are  not  aware  that  any  definite 
figure  has  yet  been  worked  out  for  the  density  of  combined  water  in  aqueous 
solutions.  The  following  estimate  may,  however,  be  put  forward  tentatively 
in  the  case  of  potassium  chloride.  In  a  previous  paper  f  it  was  shown  that 
the  figures  for  the  molecular  depression  of  the  freezing-point  could  be  rectified 
by  assuming  for  the  weights  w^  and  w^  of  free  and  of  combined  water  in 
1,000  grams  of  solvent  the  values  shown  in  the  table,  leading  to  the  values 
w^  for  the  weight  of  water  combined  with  each  equivalent  of  potassium 
chloride. 


N. 

/i-i- 

K'l. 

U'q. 

IC'3. 

0'20I 

0-0236 

971 

29 

144 

o'i5i 

0-0195 

977 

23 

152 

O'lOO 

o'oi48 

984 

16 

160 

0-076 

0"OI23 

987-5 

12-5 

164 

N  =  mols.  KCl  per  1,000  grams  of  water. 

h   =  mols.  water  (total)  per  mol.  of  KCl. 

w,  =  free  water  )  ,       . 

,  .      ,        ,      t  per  1,000  grams  of  water. 
w,  =  combmed  water  )  ^  ° 

W3  =  grams  of  combined  water  per  mol.  KCl. 

If  the  total  quantity  of  water  be  expressed  as  h  molecules  per  equivalent  of 
potassium  chloride,  a  linear  relationship  is  found  to  exist  between  h  —  t  and 
W3 ;  extrapolation  to  infinite  dilution  then  gives  a  limiting  value  xe'3=  186  grams, 
or  10  molecular  proportions  of  combined  water.  This  value  agrees  with  the 
value  deduced  by  Philip|  from  the  solubility  of  hydrogen  in  potassium  chloride 
solutions  and  with  that  derived  by  Caldwell  from  the  influence  of  potassium 
chloride  in  accelerating  the  inversion  of  cane  sugar  by  acids.  §  The  solution- 
volume  of  potassium  chloride  at  infinite  dilution  was  given  ||  as  0-307  c.c.  per 
gram,  or  22*9  c.c.  per  equivalent ;  taking  the  molecular  volume  of  liquid 
potassium  chloride  in  solution  as  ^vi  c.c.,11  the  contraction  on  dissolution 
amounts  to  4i*i — 22-9=:  18-2  c.c.  for  186  grams  of  combined  water.  This 
gives  a  contraction  of  o'l  c.c.  per  gram,  or  a  density  of  I'l  for  the  combined 
water.  The  figure  may  be  compared  with  the  figure  i"o89  given  by  Sutherland 
for  dihydrol ;  and  although  the  value  cannot  be  regarded  as  more  than  a  rough 

*  See,  for  instance,  the  general  discussion^on  "  Hydrates  in  Solution,"  Trans.  Far. 
Soc,  1907,  3,  123-163,  and  especially  p.  145. 

t  BousBeld,  "  On  Ionic  Size  in  Relation  to  the  Physical  Properties  of  Aqueous 
Solutions,"  PItil.  Trans.,  1905,  A.  206,  148,  149. 

I  Trans.  Far.  Soc,  1907,  3,  145. 

§  Proc.  Roy.  Soc,  1906,  A.  78,  272. 

II  Bousfield,  loc.  cit. 

IT  That  is,  assuming,  as  Sutherland  has  suggested,  a  "normal"  expansion  of 
4  per  cent,  on  fusion. 
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estimate,  and  would  obviously  be  influenced  very  largely  by  the  physical  con- 
ditions and  by  the  nature  of  the  solute,  we  believe  that  the  general  conclusion 
— that  the  density  of  combined  water  approximates  to  that  of  the  denser 
constituent  of  liquid  water — may  be  regarded  as  substantially  correct. 

If  this  be  the  case,  the  conversion  of  dihydrol  into  water  of  hydration 
would  not  be  accompanied  by  any  marked  contraction,  and  would  not  pro- 
duce any  important  distortion  of  the  solution-volume  curves.  Contraction 
would,  however,  result  from  the  conversion  into  hydrate  of  the  bulkier  types 
of  molecule,  whether  "  ice "  or  "  steam,"  and  distortion  must  ensue  if  pro- 
portions of  these  in  the  free  solvent  were  considerable  and  also  varied 
sufficiently  with  changes  of  temperature.  In  this  way,  and  in  this  way  only, 
have  we  been  able  to  give  a  rational  interpretation  to  the  remarkable  solution- 
volume  curves  which  we  observed  first  in  the  case  of  caustic  soda,  and  which 
are  reproduced  in  varying  forms  in  the  diagrams  which  are  set  out  in  the 
following  pages. 

Experimental  Methods. 

The  contraction  produced  on  dissolving  i  gram  of  solute  reaches  its 
maximum  value  when  the  solvent  is  present  in  large  excess.  For  this 
reason  the  variations  of  solution-volume  with  changes  of  temperature  and 
of  concentration  are  largest  in  the  case  of  the  most  dilute  solutions.  But  it  is 
precisely  in  such  solutions  that  the  difference  in  density  between  solvent  and 
solution  is  smallest  in  magnitude  and  most  difficult  to  measure.  With  greater 
dilution,  therefore,  accurate  values  for  the  solution-volume  are  increasingly 
difficult  to  obtain. 

In  the  experiments  on  caustic  soda  the  densities  were  determined  to  four 
places  of  decimals  for  the  stronger,  and  to  five  places  for  the  weaker  solutions. 
It  was  not  found  practicable  under  these  conditions  to  obtain  regular  curves 
for  the  solution-volumes  at  concentrations  below  4  per  cent.  Other  density- 
tables  that  we  have  consulted  give  rise  to  serious  irregularities  in  the  corre- 
sponding solution-volumes  at  concentrations  as  high  as  10  per  cent. 

For  the  purposes  of  the  present  investigation  a  much  higher  order  of 
accuracy  was  required,  and  this  was  obtained  with  the  help  of  the  double 
pyknometer  recently  devised  by  one  of  us  and  described  in  the  Journal  of  the 
Chemical  Society.*  Two  sizes  were  used,  of  about  350  c.c.  and  250  c.c. 
capacity  respectively.  These  pyknometers  permit  of  very  accurate  adjust- 
ment both  as  to  volume  and  as  to  temperature.  The  weighings  were  all 
corrected  for  atmospheric  pressure  and  temperature,  and  even  the  weights  of 
the  pyknometers  themselves  were  so  corrected.  For  temperatures  above  or 
below  the  laboratory  temperature  the  pyknometers  and  their  contents  were 
brought  to  laboratory  temperature  before  weighing,  and  for  the  amount  of 
contraction  or  expansion  thus  brought  about  in  the  contents  allowance  was 
made  in  the  air  correction.  With  these  precautions  it  was  found  that  dupli- 
cate determinations  usually  differed  only  in  the  sixth  place  of  decimals,  and 
the  relative  values  obtained  are  probably  subject  only  to  an  error  of  o"ooooo5. 
The  effect  of  this  greater  accuracy  is  seen  in  the  comparatively  smooth  curves 
obtained  for  2  per  cent,  solutions,  and  in  the  case  of  potassium  chloride  for 
solutions  as  dilute  as  0*5  per  cent. 

The  new  density  determinations  include  five  series  for  potassium  chloride, 
two  series  for  sodium  chloride  (10  per  cent,  and  2  per  cent.),  two  series  for 
lithium  chloride  (10  per  cent,  and  2  per  cent.),  three  series  for  silver  nitrate 
(70  per  cent.,  10  per  cent.,  and  2  per  cent.),  two  series  for  chloral  hydrate 
(10  per  cent,  and  2  per  cent.),  and  one  series  for  cane  sugar  (io"97  per  cent.). 

*  Bousfield,  Trans.  Clicin.  Soc,  1908,  98,  679. 
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The  last  series  was  measured  because  the  vahies  for  the  solution-vohimes 
deduced  from  the  densities  tabulated  by  Landolt  and  Bornstein  gave  a 
somewhat  erratic  curve. 

In  addition  to  these  new  density-determinations,  extending  in  every  case 
from  7°  to  80°  C,  the  vahies  given  by  Landolt  and  Bdrnstein  for  cane  sugar 
(0°  to  60°  C.)  and  for  acetic  acid  (o  to  40°  C.)  have  been  made  the  basis  of  two 
additional  series  of  solution-volumes. 

The  tabulated  values  for  the  expansion  of  various  salt  solutions  between 
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0°  and  100° "  provide  a  great  deal  of  information,  but  unfortunately  are 
presented  in  such  a  form  that  it  is  impossible  to  deduce  from  them  a  series 
of  solution-volumes  to  compare  with  those  which  we  have  ourselves  deter- 
mined. We  have,  however,  plotted  out  the  values  for  "  increment  of  volume 
of  solution  from  0°  to  t°  minus  increment  of  volume  of  water."  The  resulting 
curves  are  similar  to  the  solution-volume  curves  in  that  the  maxima  in  the 
two  series  occur  at  identical  temperatures  ;  but,  whereas  the  solution-volume 
*  Landolt  and  Bornstein,  p.  347. 
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curves  are  most  sensitive  for  dilute  solutions,  the  increment-differences  show 
the  largest  variations  in  the  case  of  the  strongest  solutions,  as  no  correction  is 
made  here  for  the  concentration  of  the  solutions.  Another  point  of  contrast 
is  that  the  drooping  of  the  curves,  although  similarly  distributed  on  either 
side  of  the  maxima,  is  seen  on  a  much  larger  scale  in  the  increment-differences 
than  in  the  solution-volumes.  If  these  differences  are  borne  in  mind,  the  data 
supplied  in  this  form  can  be  used  as  evidence  in  reference  to  the  constitution 
of  water  in  just  the  same  way  as  the  more  easily  interpreted  solution-volume 
curves. 

Caustic  Soda. 

In  discussing  the  experimental  results  it  will  be  convenient  to  refer 
first  to  the  case  of  caustic  soda,  the  data  for  which  are  given  in  the  paper 
already  referred  to  and  are  reproduced  for  convenience  of  reference  in 
Fig.  I.  The  curves  are  of  similar  tvpe  throughout,  showing  a  maximum 
solution-volume  at  about  60°  C. — perhaps  a  little  higher  in  the  more  con- 
centrated solutions,  but  not  to  any  large  extent.  From  this  maximum  there 
is  a  heavy  fall  towards  the  freezing-point  and  a  less  rapid  fall  as  the  boiling- 
point  is  approached.  This  fall  is  most  pronounced  in  the  more  dilute 
solutions,  typical  values  for  the  solution-volume  being  as  follows  : — 


50  per  Cent. 

40  per  Cent. 

30  per  Cent. 

20  per  Cent. 

10  per  Cent. 

2  per  Cent. 
NaCH. 

0° 

+  0-299 

+  0-236 

+  0-154 

+  0-066 

—  0-049 

—  0-200 

60° 

+  0-319 

+  0-261 

4-  o-i86 

+  O-II4 

4-  0-030 

—  0-060 

100° 

+  0-318 

+  0-257 

+  0-179 

+  Q-IOI 

4-  0-007 

—  0-090 

Difference  0-60° 

20 

25 

28 

48 

79 

140 

Difference  60-100° 

I 

4 

7 

13 

23 

30 

For   solutions   weaker    than    7   per    cent,    the    solution-volumes   are   all 
negative,  for  solutions  stronger  than  14  per  cent,  all  positive. 

Chloral  Hydrate— CC\^  .  CH(OH),. 


10  per 

Cent. 

2  per 

Cent. 

Temperature. 

Density. 

Solution-volume. 

Density. 

Solution-volume. 

7°C. 

1-04680 

0-5523 

I -0090 1 

0-5501 

15 

1-04552 

0-5570 

I -008 1 6 

0-5539 

25 

1-04296 

0-5623 

I -00601 

0-5609 

40 

1-03725 

0-5716 

I -00109 

0-5682 

60 

1-02710 

0-5837 

0-99189 

0-5789 

80 

I-OI457 

0-5962 

---^8036 

0-5849 

As  an  extreme  contrast  to  the  behaviour  of   caustic  soda   the  case   of 
chloral  hydrate  may  be  taken.     The  data  given  in  the  table  and  plotted  out 
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in  Fig.  2  show  that  the  change  of  solution-volume  with  temperature  follows 
a  perfectly  normal  course  in  solutions  containing  as  little  as  lo  per  cent,  of 
the  substance,  the   temperature-coefficient   being   positive   throughout   and 


70  so 

Temperature 


Fig.  2.— Solution  Volumes  of  Chloral  Hydrate  and  Cane  Sugar. 


increasing  slightly  as  the  temperature  rises.  In  the  case  of  the  2  per  cent, 
solution  there  is  evidence  of  a  decrease  in  the  temperature-coefficient,  but 
this  remains  always  positive  and  no  sign  of  a  maximum  is  visible  on  the  curve. 
These  observations  are  in  accord  with  the  feeble  hydration  of  the  substance, 
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which  has  usually  been  regarded  as  forming  no  further  hydrates  in  solution,* 
although  Rossem  f  has  recently  succeeded  in  freezing  out  a  hexahydrate. 

Acetic  Acid  and  Cane  Sugar. 

Solution-volume   of  i  Gram  of  Acetic  Acid  (calculated   from  Landolt  and 

Bornstein's  Tables). 


Tem- 
perature. 

10. 

20. 

40. 

60. 

70. 

80. 

90. 

100 
per  Cent. 

ooC. 

■8261 

■8335 

■8533 

•8746 

■8855 

•8971 

•91 10 

■9324 

5 

■8360 

•8425 

•8607 

•8807 

•89 1 1 

•9024 

■9159 

■9375 

10 

•8433 

•8508 

•8675 

•8866 

•8966 

■9075 

•9210 

•9425 

20 

■8597 

•8662 

•8812 

•8984 

•9076 

■9178 

•9310 

•9527 

30 

•8732 

•8797 

■8939 

•9097 

•9185 

•9283 

•9412 

•9630 

40 

•8867 

•8927 

■(5062 

•9210 

■9293 

•9388 

•9516 

•9734 

Solution-volume   of    i    Gram  of   Cane  Sugar  (calculated  from  Landolt  and 

Bornstein's  Tables). 


Tem- 
perature. 

S- 

10. 

20. 

30. 

40. 

50. 

60. 

70. 

100 
per  Cent. 

00  C. 

■5991 

•6017 

•6058 

■6091 

•6122 

•6157 

•6196 

■6239 

•6376 

10 

■6105 

•6115 

■6135 

•6156 

•6179 

•6207 

•6240 

•6277 

■6394 

20 

•6158 

•6i68 

■6185 

•6203 

■6224 

•6248 

•6278 

•6311 

■6415 

30 

•6184 

•6199 

•6223 

•6242 

•6264 

•6284 

•63 1 1 

•6343 

•6439 

40 

•6219 

■6235 

•6259 

•6277 

•6295 

■6316 

•6342 

•6372 

■6464 

SO 

•6266 

•6271 

•6293 

•6309 

•6325 

•6345 

•6371 

•6400 

•6490 

60 

•6314 

•6321 

■6332 

•6341 

•6354 

■6374 

•6399 

•6428 

■6519 

Densities  and  Solittion-Votiimes  for  Cane  Sugar  in  Water  (10-97%). 


Temperature. 

Density  of  Solution. 

Solution-volume. 

7°C. 

1-04467 

0-6096 

15 

1-04336 

0-6143 

25 

1-04111 

0-6167 

40 

1-03547 

0-6253 

60 

1-02598 

0-6317 

80 

1-01460 

0-6342 

These  two  substances  are  undoubtedly  hydrated  to  a  considerable  extent 
in  solution.  In  the  case  of  cane  sugar  both  Philip  (loc.  cit.)  and  H.  C. 
Jones  I  have  arrived  at  the  figure  6H,0  as  representing  the  average  molecular 

*  Philip,  Trans.  Faraday  Soc,  1907,  3,  136. 
t  Zcitschr.  physikal.  Chcni.,  1908,  62,  681. 
J  Amer.  Chcm.  Journ.,  1904,  32,  319. 
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Fig.  3. — Acetic  Acid. 
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hydration  in  solution.  In  the  case  of  acetic  acid  the  affinity  for  water 
appears  to  be  somewhat  stronger,  but  the  only  hydrate  for  the  existence  of 
which  definite  evidence  can  be  adduced  is  the  monohydrate,  QH^OajH^O. 
The  solution-volume  curves  are  similar  to  those  for  chloral  hydrate,  but  in 
the  case  of  acetic  acid — a  substance  for  which  "  solution-volume  "  curves  can 
be  plotted  for  all  concentrations  from  o  to  loo  per  cent.— the  "normal"  type 
of  curve  is  only  observed  at  concentrations  greater  than  70  per  cent,  (see 
Fig.  3).  In  the  case  of  cane  sugar  (Fig.  2)  the  curves  do  not  assume  the 
normal  form  even  at  the  highest  concentrations  (up  to  70  per  cent.)  at  which 
observations  have  been  made.  It  may,  however,  be  noted  that  the  values 
deduced  by  extrapolation  for  the  volume  of  i  gram  of  pure  liquid  sugar 
(100  per  cent,  solution)  at  different  temperatures  give  a  curve  of  the  normal 
type  in  which  the  coefficient  of  expansion  is  shown  to  increase  as  the 
temperature  rises. 

In  each  of  the  above  cases  the  contraction  which  results  from  the 
combination  of  solvent  and  solute  produces  two  distinct  effects.  The  main 
result  of  the  interaction  is  to  reduce  the  magnitude  of  the  solution-volumes, 
e.g.,  in  the  case  of  acetic  acid  at  0°  from  0*935  c.c.  in  the  case  of  the  pure 
acid  to  o'827  c.c.  in  a  10  per  cent,  solution,  or  in  the  case  of  cane  sugar  at 
0°  from  o"638  c.c.  in  a  100  per  cent,  to  0*624  in  a  70  per  cent,  and  0*602  in  a 
10  per  cent,  solution.  The  second  effect  is  to  produce  a  reversal  of  curvature 
by  which  the  curve  is  made  to  droop  rather  than  rise  in  the  region  of  higher 
temperatures  ;  this  reversal  takes  place  at  70  per  cent,  in  the  case  of  acetic 
acid,  in  the  case  of  cane  sugar  at  a  concentration  (between  70  and  100  per 
cent.)  which  is  outside  the  limits  of  experiment. 


Silver  Nitrate. 


70  per  Cent. 

10  per  Cent. 

2  per  Cent. 

Tem- 
perature. 

Density. 

Solution- 
volume. 

Density. 

Solution- 
volume. 

Density. 

Solution- 
volume. 

7°C. 
15 
25 
40 
60 
80 

2*23812 
2*22831 
2*21312 
2*19235 
2*17091 

0*2094 
0*2113 
0*2136 
0*2158 
0*2171 

1*09129 
1*08963 
1*08662 
1*08070 
1*07055 
1-05845 

0*1876 
0*1629 
0*1698 
0*1771 
0*1840 
0*1884 

1*01731 
1*01635 
1*01413 
1*00913 
0*99993 
0*98850 

0*1456 

0-1539 
0*1629 
0*1702 
0*1734 
0*1649 

Of  the  various  mineral  salts  that  have  been  examined  silver  nitrate  is 
undoubtedly  that  which  possesses  the  smallest  tendency  to  form  hydrates  : 
in  this  respect,  indeed,  it  appears  to  be  excelled  by  a  very  small  number  of 
salts,  of  which  CEesium  nitrate  is  perhaps  the  chief  example. 

Its  great  solubility  has  enabled  us  to  determine  the  density  of  solutions 
containing  as  much  as  70  per  cent,  of  the  salt :  at  this  concentration  the 
curve  showing  the  variations  of  solution-volume  with  temperature  is  very 
nearly  straight,  and  there  is  little  doubt  that  extrapolation  to  100  per  cent, 
concentration  would,  as  in  the  case  of  cane  sugar,  give  rise  to  a  curve  of 
the  normal   type.     At  lower  concentrations,  however,  the  effects  of  water- 
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combination  are  much  more  strongly  marked  :  in  the  case  of  a  lo  per  cent, 
solution  the  solution-volume  is  almost  constant  from  40°  to  80°  C,  a  slight 
maximum  being  developed  at  a  temperature  between  60°  and  70°  C. ;  in  the 
case  of  the  2  per  cent,  solution  there  is  a  well-developed  maximum  between 
50°  and  60°  the  drooping  of  the  curve  at  higher  temperatures  being  so  pro- 
nounced that  the  solution-volume  at  80°  is  scarcely  greater  than  at  25°.     The 


30  40  so 

Fig.  4. — Silver  Nitrate. 


70  80"^ 

Temperature 


three  curves  shown  in  Fig.  4  illustrate  very  clearly  the  way  in  which  an 
approximately  normal  curve  may  be  converted  into  the  abnormal  type 
observed  in  the  case  of  caustic  soda. 


Potassium  Chloride  and  Sodium  Chloride. 
Solution-volumes  of  i  Gram  of  Potassium  Chloride. 


Temperature. 

2V$  per  Cent. 

i2'os  per  Cent. 

760  per  Cent. 

3-95  per  Cent. 

2-01  per  Cent. 

0° 

•3909 

•3678 

•3533 

•3374 

•3242 

10 

•4020 

•3828 

•3697 

•3598 

■3496 

20 

•4100 

•3931 

•3836 

•3737 

•3618 

30 

■4158 

•4005 

•3920 

•3834 

•3697 

40 

•4197 

■4053 

•3974 

•3892 

■3747 

50 

•4220 

•4081 

•4002 

•3925 

•3776 

60 

•4231 

•4094 

•4013 

•3936 

•3798 

70 

•4226 

•4090 

■3997 

•3908 

■3764 

80 

•42 1 1 

"4069 

■3955 

•3834 

•3672 

h=    ■ 

15 

molecules 

30 
of  water  per 

50 

molecule  of 

100 
potassium 

200 

chloride. 
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These  two  salts  are  generally  recognised  as  being  more  fully  hydrated 
than  cane  sugar  and  silver  nitrate,  although  their  affinity  for  water  is  much 
less  than  in  the  case  of  the  caustic  alkalies  or  the  deliquescent  chlorides.  For 
the  average  molecular  hydration  of  potassium  chloride  the  value  9'4H20  has 


0-4b 


(0  20  30  40  50  60 

Fig.  5.— Solution  Volumes  of  Lithium  Sodium  and  Potassium  Chlorides. 


70         ao 

Temperature 


been  deduced  by  Philip  {he.  cit.,  p.  21),  whilst  Caldwell  *  has  given  the  value 
11H2O — figures  which  are  in  satisfactory  agreement  with  the  value 
10H2O  discussed  in  the  earlier  part  of  the  present  paper.  Sodium  chloride 
is  rather  more  fully  hydrated,  the  corresponding  values  being  11  to  147H2O 
(Philip)  and  i3H,0  (Caldwell). 

*  Proc.  Roy.  Soc,  1906,  A.  78,  272. 
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Solution-volumes  of  i  Gram  of  Sodium  Chloride, 


lOI 


10  per  Cent. 

2  per 

Cent. 

Temperature. 

Density. 

Solution-volume. 

Density. 

Solution-volume. 

7° 

1-075460 

0-2978 

I -01493 1 

0-2612 

15 

I  "072966 

0-3123 

1-013717 

0-2819 

25 

1-069613 

0-3234 

I-OII307 

0-3004 

40 

1-062985 

0-3382 

i-oo6i6i 

0-3162 

60 

1-052943 

0-3447 

0-996938 

0-3234 

80 

1-041379 

o"3425 

o"985539 

0-3169 

The  actual  solution-volumes  of  the  salts  are  much  smaller  than  in  the  case 
of  the  organic  compounds  described  above,  amounting  only  to  0-24  to  0*35  c.c. 
per  gram,  but  the  variations  are  relatively  much  greater,  especially  if  the 
narrow  range  of  concentrations  imposed  by  the  Hmited  solubility  of  the  salts 
be  taken  into  account.  All  the  curves  show,  as  in  the  case  of  caustic  soda, 
a  well  developed  maximum  in  the  neighbourhood  of  60°  C,  the  maximum 
being  most  pronounced  in  the  curves  for  the  most  dilute  solutions.  The 
temperature  at  which  it  occurs  is  perhaps  a  little  lower  for  the  more  dilute 
than  for  the  more  concentrated  solutions,  but  this  phenomenon  is  much  less 
clearly  marked  than  in  the  case  of  silver  nitrate. 


Calcium  Chloride  and  Lithium  Chloride. 

The  curves  shown  in  Figs.  6  and  7  are  taken  from  data  given  in  Landolt 
and  Bornstein's  Tables.  They  represent  for  a  series  of  temperatures  the 
difference  of  volume  which  is  produced  when  a  solution  and  an  equal 
volume  of  pure  water  are  heated  from  0°  to  t°  C.  In  each  case  the 
quantity  of  liquid  taken  is  that  which  occupies  at  0°  C.  a  volume  of  10,000 
c.c.  :  the  curve  for  a  10  per  cent,  solution  of  calcium  chloride  then  shows,  for 
instance,  that  there  is  at  20°  a  difference  of  volume  (in  favour  of  the  solution) 
of  27  c.c,  increasing  to  38  c.c.  at  50°  and  then  decreasing  to  2  c.c.*Ji,tioo°.  In 
spite  of  the  difference  in  the  physical  quantities  which  are  represented^  these 
curves  agree  with  the  solution-volume  curves  in  the  temperature  at  which 
the  maximum  occurs  and  in  the  general  balance  of  the  curves  on  either  side 
of  the  maximum.  In  the  case  of  lithium  chloride  this  has  been  checked  by 
actual  measurements  of  solution-volumes,  as  shown  in  the  following  table  and 
represented  graphically  in  Fig.  5. 

It  will  be  noticed  that  the  "abnormality"  of  the  curves  is  here  even 
greater  than  in  the  case  of  caustic  soda,  the  maximum  being  lowered  to  50° 
in  the  case  of  calcium  chloride  and  to  35°  in  the  case  of  hthium  chloride. 
The  balance  of  the  curve  is  also  different.  In  the  case  of  the  caustic  soda 
solutions  there  was  at  a  concentration  of  10  per  cent,  a  drop  of  0-081  c,c. 
in  the  solution-volume  from  its  maximum  to  the  value  at  0°,  as  against  a  drop 
of  0-025  (l^ss  than  one-third)  from  the  maximum  to  the  boiling-point.  In  the 
case  of  calcium  chloride  the  curve  for  this  concentration  is  symmetrical,  the 
solution-volume  at  100°  being  almost  exactly  equal  to  that  at  0°.     In  the  case 
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Fig  6. — Calcium  Chloride. 
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Fig.  7. — Lithium  Chloride. 
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Solution-volumes  of  i  Gram  of  Lithium  Chloride. 


103 


10-025  per  Cent. 

2-0007  per  Cent. 

Tem- 
perature. 

Density. 

Solution-volume. 

Tem- 
perature. 

Density. 

Solution-volume. 

18° 
30 

45 
60 
80 

1-05665 

1-05331 
I '04810 
I '04 1 80 
1-03205 

0-4544 
0-4582 
0-4560 
0-4490 
0-4320 

t 
15 
25 
40-1 
60 
80 

I-OII965 

1-010956 
I  -008769 
1-003904 
0-995079 
0-984073 

0-4057 
0-4169 
0-4250 
0-4264 

0-4177 
0-3926 

of  lithium  chloride  the  solution-volume  falls  to  the  extent  of  0-013  from  the 
maximum  to  the  freezing-point,  but  the  fall  from  the  maximum  to  the  boiling- 
point  (about  0-048)  is  something  like  four  times  as  great. 


Summary  and  Conclusions. 

The  additional  data  which  are  now  placed  on  record  show  that  the  facts 
which  we  noticed  in  the  case  of  caustic  soda  are  no  isolated  phenomena, 
but  form  part  of  a  well-ordered  scheme.  The  abnormalities  in  the  solution- 
volume  curves  develop  in  a  remarkably  regular  way.  On  passing  from 
solutes  which  have  a  very  small  affinity  for  water  to  those  which  have  a 
very  strong  affinity,  the  normal  concave  form  of  curve  is  seen  first  to 
become  convex  and  then  to  droop  to  such  an  extent  that  an  actual  maximum 
appears  ;  as  the  affinity  of  the  solute  for  water  increases,  the  maximum  is 
reached  at  lower  and  lower  temperatures,  falling  in  the  case  of  lithium 
chloride  solutions  to  its  lowest  value  at  35°  C.  The  deviations  from  normal 
type  thus  appear  to  have  their  origin  in  the  region  of  higher  temperatures  and 
to  extend  their  influence  gradually  downwards.  This  characteristic  is  fully 
in  accord  with  the  theory  which  we  advanced  six  years  ago,  namely,  that  the 
drooping  of  the  solution-volume  curves  at  higher  temperatures  depends  on 
the  presence  in  the  solvent  of  increasing  quantities  of  steam-molecules  of 
low  density  and  on  thejr  partial  destruction  when  a  hydrate-forming  salt  is 
added.  This  destruction  would  be  most  pronounced  in  the  case  of  those 
substances  which  combine  with  the  largest  quantity  of  water,  but  the  stability 
of  the  hydrates  which  are  formed  is  also  a  factor  of  great  importance,  since 
the  gradual  dissociation  of  a  hydrate  would  go  very  far  in  the  direction  of 
neutrahsing  the  effects  to  which  we  have  called  attention.  It  is  by  means  of 
such  considerations  that  we  should  propose  to  account  for  the  different 
positions  of  the  maximum  in  the  case  of  silver  nitrate,  caustic  soda,  calcium 
chloride  and  lithium  chloride,  and  perhaps  for  the  greater  efficiency  of 
lithium  chloride,  to  which  Philip  has  attributed  a  molecular  hydration  of 
8H2O,*  as  compared  with  calcium  chloride  with  21H2O.     It  is  probable  that 

*  This  value  can  scarcely  be  regarded  as  correct  in  view  of  the  many  indications 
which  exist  to  show  that  lithium  chloride  is  more  hydrated  than  the  corresponding 
sodium  and  potassium  salts. 
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the  temperature  of  maximum  solution-volume  approaches  very  closely  to  its 
lowest  possible  value  in  the  case  of  lithium  chloride,  since,  if  our  interpreta- 
tion of  the  facts  be  correct,  any  further  lowering  would  be  rendered  difficult, 
if  not  impossible,  by  the  increasing  proportions  of  ice-molecules  in  the 
solvent. 

The  contrast  between  our  views  and  those  of  Sutherland  is  summed  up 
conveniently  in  Fig.  8.  According  to  Sutherland,  the  volume-temperature 
water-curve  breaks  away  from  the  curve  for  dihydrol  at  low  temperatures  as 
a  result  of  the  production  of  increasing  quantities  of  ice-molecules,  but 
approaches  it  more  and  more  closely  as  the  temperature  is  raised  and  the  ice- 
molecules  are  destroyed.  According  to  our  view  the  water  curve  diverges 
from  the  curves  for  dihydrol  and  water  in  the  form  of  "  hydrate  "  (a)  at  low 
temperatures  on  account  of  the  formation  of  ice-molecules,  and  again  (b)  at 
high  temperatures  on  account  of  the  formation  of  steam-molecules. 

If  now  we  compare  the  volume-temperature  curve  of  a  salt  solution  with 
that  of  water  we  find  it  flattened  out  and  approximating  more  nearly  to  the 
dihydrol   line  in  consequence   of   the   partial   conversion   of   trihydrol  and 
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hydrol  into  "hydrate  water."     The  temperature  at  which  the  tangents  to  the 

curves   [i.e.,  —  and  -?^M  are  most  nearly  equal  in  slope   to  the  "hydrate 
\         di  all 

water  "  line  is  probably  about  30°.  At  this  temperature  the  contraction  produced 
by  conversion  into  "  hydrate  water  "  would  reach  a  minimum,  and  the  solution- 
volume  curve  of  a  stable  hydrated  solute  would  therefore  show  a  maximum. 
But  partial  dissociation  of  the  hydrate  with  increasing  temperature  would  tend 
to  bring  the  tangents  to  v^  and  v^  into  parallelism  at  a  higher  temperature, 
and  the  maximum  in  the  solution-volume  curve  would  be  displaced  in  the 
direction  of  the  boiling-point.  A  similar  displacement  is  to  be  looked  for  in  the 
case  of  solutes  of  small  hydration,  since  in  such  substances  the  contraction 
due  to  hydration  would  be  small  compared  with  the  expansion  of  the  solute 
by  heat.  This  effect  is  clearly  shown  in  the  limiting  case  in  which  there  is  no 
hydration  (the  pure  liquid  solute),  when  the  maximum  disappears  and  the 
solution-volume  curve  becomes  an  upwardly-sloping  line. 
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Mr.  William  Sutherland,  M.A,  (Melbourne),  sent  in  the  following 

contribution  to  the  discussion  : — 

The  detailed  quantitative  arguments  in  support  of  the  view  I  propose 
to  maintain  in  the  present  discussion  are  to  be  found  in  three  papers  in  the 
Philosophical  Magazine,  namely,  "  The  Molecular  Constitution  of  Water," 
[5]  I'  P-  460,  1900  ;  "The  Molecular  Constitution  of  Aqueous  Solutions,"  [6] 
xii.  p.  I,  1906;  and  "  lonisation  in  Solutions  and  Two  New  Types  of  Vis- 
cosity," [6]  xiv.  p.  I,  1907.  For  the  sake  of  brevity  I  shall  limit  myself  to 
a  statement  of  some  of  the  results  of  these  three  papers  in  their  direct 
bearing  on  the  present  subject  and  on  the  allied  one  of  the  constitution 
of  aqueous  solutions.  As  a  special  contribution  to  this  discussion  I  shall 
bring  forward  the  view  that  water  of  crystallisation  is  solid  hydrol  in  a 
special  state,  adding  some  of  the  evidence  in  the  form  of  an  appendix. 
Then  will  come  a  consideration  of  later  confirmatory  evidence  as  to  the 
constitution  of  water  and  indications  of  further  developments  immediately 
in  sight,  such  as  the  use  of  the  electron  in  chemical  dynamics,  just  as  con- 
venient as  that  of  the  atom  in  general  chemical  theory.  Incidentally  it  will 
be  shown  how  the  ideas  of  those  who  maintain  a  purely  chemical  theory  of 
electrolytic  solutions  in  opposition  to  the  ionic  theory  can  be  brought  into 
harmony  with  that  theory. 

Water  vapour  in  the  condition  of  a  nearly  perfect  gas  is  hydrol,  H2O.  Ice 
is  trihydrol,  (1120)3.  Water  is  a  mixture  of  trihydrol  and  dihydrol,  (H.O)^, 
in  proportions  which  vary  with  temperature,  pressure,  and  the  presence  of 
solutes,  whence  the  many  exceptional  properties  of  water  and  aqueous 
solutions.  The  idea  seems  to  have  been  long  entertained  by  natural  philo- 
sophers that  the  anomalies  of  water  can  be  explained  by  regarding  it  as  ice 
dissolved  in  a  liquid  allotropic  form  of  ice.  In  1892  Rontgen  worked  out  the 
main  details  of  this  conception  qualitatively.  When  the  matter  is  treated 
quantitatively  it  proceeds  quite  consistently,  leading  amongst  other  con- 
clusions to  the  result  that  ice  is  trihydrol.  At  ordinary  temperatures  water 
is  a  mixture  of  about  i  part  by  weight  of  trihydrol  with  2  parts  of  dih3'drol. 
At  other  temperatures  the  percentage  of  trihydrol  in  water  can  be  found  by 
a  simple  formula  derived  from  that  of  Mendeleeff  for  the  expansion  of  water, 
which  is  correct  to  within  4  parts  in  100,000.  From  the  known  physical 
constants  of  ice  and  water  many  of  those  for  trihydrol  and  dihydrol  can  be 
calculated.  The  melting  of  ice  is  one  of  the  most  beautiful  chemical  trans- 
formations known.  In  ice  receiving  heat  at  0°  C.  resonance  in  the  trihydrol 
molecule  causes  its  tripartite  structure  to  be  shattered,  the  parts  rearranging 
themselves  as  dihydrol.  The  crystalline  solid  collapses,  but  the  liquid  dihydrol 
so  far  deranges  the  conditions  of  resonance  that  some  trihydrol  can  continue 
to  exist  dissolved  in  the  dihydrol.  At  the  melting  point  of  ice  water  is  3  parts 
by  weight  of  trihydrol  dissolved  in  5  parts  by  weight  of  dihydrol.  A  rise  of 
temperature  or  an  increase  of  pressure  causes  more  trihydrol  to  collapse. 

A  pleasing  and  important  feature  about  the  formula  (H20)3  for  ice  is  the 
simple  explanation  it  furnishes  for  the  chief  crystalline  form  of  ice,  the  hexa- 
gonal prism.  In  the  crystals  of  ice,  from  the  smallest  microscopic  ones  to 
the  large  columns  of  glacier  ice,  the  predominant  structural  feature  is  the 
angle  of  120°,  which  is  derived  from  that  of  60°  in  the  equilateral  triangle 
formed  by  the  centres  of  the  three  oxygen  atoms  in  (H20)3.  This  leads  us  to 
investigate  the  chemical  structure  of  trihydrol.  By  its  position  in  the  periodic 
classification  of  the  elements  oxygen  is  6-valent.  But  usually  it  is  2-valent, 
while  there  are  many  known  cases  of  its  4-valency.  To  account  for  such 
cases  of  variable  valency — and  they  are  of  great  importance — I  have  pro- 
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posed  to  use  Helmholtz's  electron  theory  of  valency  freely  in  the  appropriate 
manner.  For  example,  if  trivalent  negative  nitrogen  is  N  associated  with 
three  negative  electrons  t>,  a  suitable  chemical  symbol  for  it  is  that  given 
in  Fig.  I,  which  also  shows  on  the  right-hand  side  5-valent  nitrogen  con- 

Nbj        Nb,tf 

3-Valent  Nitrogen.  5-Valent  Nitrogen. 

Fig.  I. 

sisting  of  N  associated  with  four  negative  electrons  and  one  positive.  Under 
suitable  external  electric  or  chemical  conditions  we  can  imagine  one  of  these 
negative  electrons  and  the  positive  to  come  so  closely  together  that  they 
nearly  neutralise  one  another,  leaving  three  negative  electrons  practically 
free  for  the  purposes  of  trivalent  nitrogen.  This  variable  electron  pair  is  of 
great  potency  in  the  compounds  of  nitrogen,  especially  the  proteins,  and 
is  fundamental  in  the  colloid  state  of  matter.  In  the  same  way  the  2-,  4-, 
and  6-valency  of  oxygen  can  be  expressed  by  the  formulas  of  Fig.  2. 

Ob,     Ob30    Ob,#. 

2-Valent  Oxygen.  4-Valent  Oxygen.  6-Valent  Oxygen. 

Fig.  2. 

By  means  of  this  symbol  for  4-valent  oxygen  we  can  arrive  at  a  simple 
graphical  structural  formula  for  trihydrol,  as  shown  in  Fig.  3, 

Here  we  have  in  each  oxygen  atom  the  electron  pair  [jji  available  for  the 


Fig.  3.— Formula  for  Trihydrol. 

structural  purpose  of  joining  the  three  oxygen  atoms  together,  while  also  in 
each  oxygen  atom  the  two  negative  electrons  [j  attach  to  it  two  hydrogen 
atoms  through  the  medium  of  their  positive  electrons  ti.    In  a  similar  manner 
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the  formula  of  dihydrol  can  be  represented,  and  we  can  imagine  that  in 
certain  colloids  in  which  hydro!  is  a  structural  feature  (HoO)^  may  be  linked 
into  the  pattern  in  a  way  which  could  be  expressed  by  a  figure  like  Fig.  3 
or  a  corresponding  model  in  3-dimensioned  space. 

To  fix  ideas  Fig.  4  has  been  drawn  to  show  to  scale  the  hexagonal  ground 
plan  of  the  molecule  of  trihydrol.  From  the  kinetic  theory  of  gases  we  know 
that  the  atom  of  oxygen  in  gaseous  oxygen  has  a  diameter  179  x  lO"^  cm. 
and  that  of  hydrogen  in  gaseous  hydrogen  i'43  X  io~^  These  sizes  are 
probably  modified  when  oxygen  and  hydrogen  combine,  but  they  have  been 
used  in  Fig.  4  for  the  diameters  of  the  three  oxygen  atoms  in  contact  and  for 
the  diameters  of  the  six  symmetrically  placed  hydrogen  atoms  which  deter- 
rnine  the  regular  hexagon  each  of  whose  sides  touches  two  of  the  circles 
which  represent  hydrogen  atoms.  The  side  of  this  hexagon  has  a  length 
3'24  X  io~*  cm.     If  we  erect  upon  it  a  prism  whose  height  is  equal  to  the 


Fig.  4. — Schematic  Diagram  to  Scale,  showing  a  Structure  of  the  Molecule 
of  Trihydrol  which  would  make  the  Crystal  of  Ice  a  Hexagonal  Prism. 


diameter  of  the  oxygen  atom,  we  get  the  smallest  hexagonal  prism  which  will 
contain  such  a  trihydrol  molecule.  Its  volume  is  .^8-82  x  lo"-''*  cm^.  The 
mass  of  the  molecule  is  3  x  18  times  that  of  the  hydrogen  atom,  which  is 
1/9  X  10-23  grm.  These  data  give  a  density  V2  for  our  diagrammatic  trihydrol, 
while  the  density  of  ice  at  0°  C.  is  0-917.  It  appears  then  that  the  hexagonal 
prism  containing  a  natural  molecule  of  trihydrol  is  31  per  cent,  larger  than 
our  artificial  schematic  prism  built  up  from  the  data  of  gaseous  hydrogen 
and  oxygen.* 

A  consequence  important  for  the  kinetic  theory  of  solids  follows  from 
this  concord  between  the  shapes  of  the  trihydrol  molecule  and  crystal.  If 
an  equilateral  triangle  or  a  hexagon  revolves  rapidly  round  an  axis  which 
is  changing  its  direction  at  random,  it  will  sweep  out  a  certain  sphere  which 

•  Note  added  May  23,  1910.  With  the  latest  molecular  masses  and  diameters 
{Phil.  Mag.  [6],  xix.,  p.  25,  1910)  the  density  of  the  diagrammatic  trihydrol  is  0-986 
and  the  natural  prism  is  only  8  per  cent,  larger  than  the  schematic. 
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shows  no  trace  of  the  shape  of  the  revolving  figure.  Therefore  in  a  crystal 
of  ice  the  molecule  of  trihydrol  does  not  revolve  round  an  axis,  either  fixed 
or  changing  at  random.  The  kinetic  energy  of  the  molecule  must  consist 
chiefly  of  the  motion  of  its  parts  about  their  mean  positions  which  determine 
the  hexagonal  prism  as  the  shape  of  the  crystal.  Concerning  the  dihydrol 
which  forms  the  larger  part  of  ordinary  water,  the  proofs  that  it  is  (H20)2  are 
not  separately  simple,  clear,  and  decisive,  but  cumulatively  they  establish 
a  fair  probability.  It  becomes  an  interesting  problem  to  search  for  liquid 
and  solid  hydrol,  H^O.  In  the  ceaseless  making  and  unmaking  of  trihydrol 
and  dihydrol  in  water  the  group  H2O  must  often  be  liberated  in  the  form 
HajtOj?  with  the  electric  doublet  |[>  open,  not  collapsed  as  in  the  H^O  of 
vapour.  This  kind  of  electrified  radical  I  have  proposed  to  call  a  stion. 
Probably  these  nascent  stions  confer  on  water  some  of  its  special  qualities. 
Yet  their  existence  is  so  transitory  as  to  give  water  a  percentage  of  non- 
ionised  hydrol  too  small  for  detection  hitherto.  The  only  hydrol  yet 
encountered  in  water  is  that  which  is  ionised  into  Hi  and  OH|j,  yielding 
according  to  the  ionic  theory  about  one  gramme  of  hydrogen  ions  in  2  X  10" 
grammes  of  the  purest  water  yet  prepared.  This  result  probably  indicates 
that  the  percentage  of  water  existing  as  hydrol  stions  is  very  small.  It  will 
now  be  shown  that  in  water  of  crystallisation  we  have  to  do  with  a  form  of 
solid  hydrol.  Playfair  and  Joule  *  made  numerous  determinations  of  the 
density  of  salts  containing  water  of  crystallisation,  but  they  approached  the 
discussion  of  their  results  from  an  unfortunately  arbitrary  point  of  view, 
arriving  at  such  conclusions  as,  "  the  water  in  highly  hydrated  salts  always 
occupies  the  volume  of  ice,"  and  that  in  some  highly  hydrated  salts  neither 
acid  nor  base  occupies  space.  These  mistaken  conclusions  still  figure  in 
some  textbooks.  The  correct  handling  of  the  experimental  material  was 
given  by  F.  W.  Clarke, f  who  established  exactly  the  opposite  conclusion  to 
that  reached  by  Playfair  and  Joule,  namely,  in  his  own  words,  "when  water 
unites  with  an  anhydrous  substance  to  become  water  of  crystallisation,  the 
water  undergoes  the  entire  condensation."  The  mean  volume  of  H^O  in 
water  of  crystallisation  found  by  Clarke  from  31  separate  volumes  is  iyj6 
cm.3  for  18  grammes,  the  extremes  being  I2'5  in  CuC]2  4-2H20  and  i5"o 
in  Na^COj  +  loH^O.  In  Li2S04  +  H^O  the  volume  of  the  H^O  is  13-3.  This 
is  so  near  the  mean  1376  that  we  can  state  the  following  propositions  :  The 
water  of  crystallisation  of  all  substances  is  in  the  same  state  as  that  of  the 
water  of  crystallisation  of  Li2S04,  which  is  proved  by  analysis  to  be  a  form 
of  hydrol,  therefore  all  water  of  crystallisation  is  a  form  of  solid  hydrol.  If 
Li2S04  +  H2O  is  0S(0H0Li)2,  then  we  must  abandon  these  propositions,  and 
conclude  that  water  of  crystallisation  is  a  form  of  hydrol  because  the  number 
of  its  molecules  increases  by  i  from  type  to  type.  Of  course  it  is  possible 
that  all  the  formulas  of  hydrated  salts  may  need  to  be  multiplied  by  some 
integer,  but  this  is  improbable,  so  that  the  argument  just  stated  is  very 
probably  correct.  The  mean  volume  1376  gives  a  density  i"3i  for  solid 
hydrol,  to  be  compared  with  the  very  different  0-917  for  solid  trihydrol  or 
ice.  If  we  take  4  per  cent,  to  be  the  average  diminution  in  the  density  of  a 
normal  solid  on  melting,  we  can  make  the  following  comparison  amongst  the 
densities  of  hydrol,  dihydrol,  and  trihydrol  : — 

Liquid 

Sohd  

*  Scientific  Papers  of  Joule,  vol.  2. 

t  Amer.  Journ.  of  Science  [3],  viii.,  p.  428,  1874. 


Hydrol. 
1*26 

Dihydrol. 
1*09 

Trihydrol. 

0-88 

1-31 

1-13 

0-92 
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The  molecular  volumes  of  H^O  in  hydrol,  dihydrol,  and  trihydrol  are  very 
different,  because  the  electric  connections  of  the  different  hydrol  groups 
cause  different  packings  of  the  atoms  in  space.  In  view  of  this  fact  it  is 
remarkable  that  each  H^O  in  water  of  crystallisation  has  a  volume  so  near  the 
mean  1376,  that  in  LiaSO^  +  H^O  it  has  the  volume  13*3,  and  in  alums  with 
24H2O  the  average  volume  I3'6.  A  short  inquiry  into  other  physical  proper- 
ties of  hydrol  is  added  as  an  appendix. 

In  considering  next  the  bearings  of  the  theory  of  the  molecular  constitu- 
tion of  solutions  on  this  theory  of  hydrol  and  its  polymers,  I  shall  begin  with 
a  statement  of  the  main  results  of  my  paper  on  "  lonisation  in  Solutions  and 
Two  New  Types  of  Viscosity."  The  ionisation  of  all  electrolytic  solutions  at 
all  strengths  is  complete.  What  has  been  called  the  degree  of  ionisation 
in  the  theory  of  Arrhenius,  van't  Hoff,  and  Ostwald  ought  to  be  called  the 
relative  mobiUty  of  the  ions.  The  hypothesis  of  these  authors  that  ionic 
dissociation  and  the  law  of  mass  action  suffice  for  a  chemical  theory  of 
equilibrium  in  electrolytic  solutions  is  too  simple,  too  purely  chemical  to  fit 
the  facts.  There  is  a  touch  of  the  irony  of  life  in  the  fact  that  their  opponents 
in  the  polemics  on  solutions,  as,  for  instance,  Mendeleeff,  should  have  been 
reproaching  them  for  not  making  their  theory  chemical  enough.  In  trusting 
to  the  law  of  mass  action  alone,  the  pioneers  of  the  ionic  theory  ignored  the 
powerful  electric  forces  acting  between  the  oppositely  charged  ions,  and  also 
the  powerful  ionising  forces  keeping  the  ions  apart,  whence  all  the  failures  in 
the  attempts  to  apply  their  too  purely  chemical  theory  to  the  simplest  ordinary 
solutions.  The  apparently  beautiful  success  of  the  hypothesis  of  partial 
ionisation  discovered  by  Ostwald  for  a  large  number  of  weak  organic  acids 
will  be  discussed  in  a  little.  In  the  case  of  the  ions  of  gases,  J.  J.  Thomson 
found  that  the  simple  law  of  mass  action  seemed  to  regulate  their  recombina- 
tion, and  this  result  has  been  accepted  by  other  writers  on  the  subject, 
amongst  whom  Langevin  has  given  ingenious  reason  for  believing  that 
electric  attractions  give  a  law  of  recombination  of  the  same  form  as  the  mass 
action  law.  But  I  have  found  quite  recently  *  that  electric  attraction  intro- 
duces a  different  law,  which  manifests  itself  when  the  recombination  of  ions 
in  gases  is  studied  over  a  wide  enough  range  of  concentrations.  While  in 
gases  the  electric  attractions  between  ions  modify  the  law  of  mass  action, 
in  solutions  the  ionising  forces  of  the  solvent  not  only  hold  the  law  of  mass 
action  in  abeyance,  but  overcome  the  electric  attractions  entirely.  When 
a  salt  like  NaCl  is  dissolved  in  water,  the  atoms  Na  and  CI  are  drawn  apart 
as  the  ions  Naj^  and  Cl[?,  and  each  is  forced  as  far  apart  from  the  other  as  is 
consistent  with  the  uniform  mixture  and  distribution  of  the  two  sorts  of  ion. 
The  action  that  holds  some  apart  holds  all  apart.  In  a  saturated  solution  this 
is  just  as  true  as  in  the  most  dilute. 

When  we  move  the  ions  past  one  another  by  means  of  an  electromotive 
force,  we  encounter  two  viscosities  of  electric  origin.  Consider  first  the  ion 
in  a  very  dilute  solution.  Its  neighbour  ions  are  so  far  away  that  their 
electrical  forces  acting  on  it  can  be  neglected.  But  not  so  its  electrical  forces 
on  the  water  molecules  surrounding  it.  As  the  ion  moves  amongst  the  water 
molecules,  their  continual  adjustment  to  the  changing  electrical  forces  which 
they  experience  gives  rise  to  a  viscosity  which  plays  a  large  part  in  determin- 
ing the  mobilities  of  ions  in  very  dilute  solutions.  If  we  now  turn  to  concen- 
trated solutions,  we  see  that  neighbour  ions  exercise  electric  forces  on  one 
another  which  give  rise  to  another  type  of  viscosity  of  electric  origin.  Thus 
the  mobility  of  an  ion  is  a  function  of  the  concentration  of  the  solution.  By 
working  out  the  electric  theory  of  this  viscosity,  it  can  be  shown  that  ionic 
*  Phil.  Ma^.  [6],  xviii.,  p.  341,  1909. 
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mobility  is  simply  related  to  the  cube  root  of  the  concentration.  For  dilute 
solutions  it  is  related  to  this  cube  root  exactly  according  to  the  law  discovered 
years  ago  by  Kohlrausch.  Meanwhile  Kohlrausch  had  abandoned  his  own 
empirically  discovered  clue  in  the  search  for  formulas  in  accord  with  the 
theories  of  chemical  equihbrium  advanced  by  the  pioneers  of  partial  ionic 
dissociation.  The  theoretical  rediscovery  of  his  law  is  confirmatory  of  the 
total  ionisation  of  very  dilute  solutions.  But  the  complete  theoretical  law 
applies  to  solutions  of  all  concentrations,  and  establishes  the  result  that 
ionisation  of  the  solute  is  total  in  solutions  of  all  strengths.  Thus  we  get  rid 
of  all  complications  connected  with  the  so-called  degree  of  ionisation. 

Let  us  state  quite  definitely  the  main  difficulties  found  by  certain  chemists 
like  Mendeleeff  in  the  hypothesis  of  ionic  dissociation,  and  leading  them  to 
look  to  the  future  for  some  workable  hydrate  theory  of  aqueous  solutions. 
The  ions  Na^i  and  C\\)  in  solution  have  properties  which  are  almost  identical 
with  those  of  the  atoms  Na  and  CI  in  a  crystal  of  NaCl.  But  if  we  write  NaCl 
according  to  its  full  electrical  formula  NajiljCl,  we  remind  ourselves  that  even 
in  the  molecule  of  sodium  chloride  we  have  the  ions  of  Na  and  CI  in  close 
proximity.  The  salient  fact  about  solutions  is  that  the  properties  of  the  ions 
when  separated  by  solvent  are  almost  the  same  as  when  the  opposite  ions  are 
in  the  most  intimate  chemical  union  ;  the  volumes  of  the  atoms  are  the  same, 
their  refractivities  the  same,  and  so  on.  Yet  metallic  Na  and  all  the  metals  of 
the  Li  family  undergo  a  remarkable  change  of  atomic  volume  when  they 
combine  with  CI  and  similar  atoms  and  radicals.  Here  are  the  volumes  of  a 
gramme-atom — 

Li.  Na.  K.  Rb.  Cs. 

Elementary ii"9        237        45*4        56*1        70-6 

Combined 2-0  7-4         i8-6        34-4        56-0 

Union  with  a  halogen  reduces  the  volume  of  a  gramme-atom  of  metallic  Li 
from  11-9  to  2-0,  of  metallic  Na  from  237  to  7-4.  Yet  in  dilute  aqueous 
solution  when  the  ion  Naji  is  removed  far  from  appreciable  action  from  the 
nearest  CI]?  neighbours,  it  keeps  practically  the  same  volume  as  when  united 
chemically  with  CI.  With  this  fact  before  them  the  extreme  opponents  of 
the  ionic  hypothesis  seem  to  conclude  that  it  is  best  to  consider  Na  and  CI 
as  closely  united  in  the  solution  as  in  the  crystal.  For  non-ionised  solutions 
such  as  that  of  sugar  in  water  this  simple  hypothesis  is  sufficient  to  hold  the 
facts,  but  as  it  fails  completely  to  give  any  clue  to  the  remarkable  laws  of  the 
conductivity  of  electrolytic  solutions,  it  is  inadequate  for  the  electric  part  of 
the  theory  of  physical  chemistry. 

Some  supporters  of  the  hydrate  theory  of  aqueous  solutions  admit  ionisa- 
tion as  a  fact  and  suggest  that  each  ion  forms  hydrates  with  some  of  the 
solvent.  Yet,  since  I  have  shown  that  in  order  to  give  a  satisfactory  quanti- 
tative account  of  ionic  mobilities,  there  is  no  need  to  imagine  any  group  of 
solvent  molecules  accompanying  a  moving  ion,  the  hypothesis  of  chemical 
union  between  ion  and  solvent  is  unnecessary.  On  the  other  hand, 
investigators  hke  Mendeleeff  and  Pickering  have  demonstrated  that  in 
aqueous  solutions  of  alcohol,  sulphuric  acid,  and  other  acids  a  molecule  of 
solute  stands  in  special  relation  to  a  certain  number  of  molecules  of  solvent. 
The  refined  analysis  by  which  Pickering  demonstrated  the  existence  of  these 
special  relations  in  solutions,  clinching  his  proof  by  freezing  out  the  hydrates 
which  he  had  discovered,  will  be  found  capable  of  many  appHcations  in 
physical  chemistry.  But  in  interpreting  his  results  and  similar  ones  we 
ought  to  abandon  the  distinction  between  physical  and  chemical  at  the 
point  where  it  ceases  to  be  useful  in  a  general  theory  of  the  structure  and 
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energy  of  a  collection  of  molecules.  The  meaning  of  this  suggestion  can  be 
made  clear  by  reference  to  a  paper  of  Kelvin's  on  "  Crystallisation  According 
to  Rule.""'  This  is  an  elaborate  study  on  the  packing  of  spheres  in  positions 
of  minimum  potential  energy.  "  The  number  of  such  configurations  would 
be  infinite,  if  the  number  of  molecules  were  infinite,  but  practically  for  a 
crystal  in  Nature  the  number  that  could  probably  occur  might  be  hundreds 
or  might  be  only  one.  And  the  one  configuration  of  absolutely  least  potential 
energy  would  be  a  perfect  crystal  of  unique  quality."  The  hydrates  isolated 
by  Pickering  and  Mendeleeff,  like  all  crystals  containing  water  of  crystallisa- 
tion, should  be  regarded  as  formed  from  the  packing  of  two  sets  of  unlike 
molecules  in  configurations  of  minimum  potential  energy.  Crompton, 
Mendeleeff,  and  Pickering  showed  that  even  at  temperatures  which  gave 
to  the  constituent  parts  of  these  hydrates  the  freedom  of  solution,  faint 
indications  could  be  found  of  the  existence  of  these  hydrates.  It  seems  to 
me  preferable  to  say  that  these  indications  denote  that  one  molecule  of  solute 
and  the  molecules  of  solvent  in  which  it  is  dissolved  still  adjust  themselves  to 
a  faintly  marked  configuration  of  minimum  potential  energy.  If  our  powers 
of  analysis  were  refined  enough  to  discover  Kelvin's  unique  minimum  for  one 
molecule  of  solute  and  «  molecules  of  solvent  for  all  values  of  n,  and  for  m 
molecules  of  solute  with  n  of  solvent  for  all  values  of  m  and  n,  would  there  be 
any  advantage  in  speaking  of  these  as  an  infinite  series  of  hydrates  ?  At  the 
instant  of  crystallisation  in  an  electrolytic  solution  what  may  be  imagined  to 
occur  is  this,  that  the  equilibrium  between  the  ionising  force  of  the  solvent 
and  the  electric  attractions  among  the  ions  becomes  unstable.  Some  of  the 
ions  recombine  and  separate  out  as  crystals  of  non-ionised  solute,  with  or 
without  water  of  crystallisation,  according  to  the  potential  energy  relations 
of  solute  and  hydrol.  In  a  complete  theory  of  solutions  a  term  for  the 
mutual  energy  of  ion  and  solvent  is  almost  all  that  is  required  to  meet  the 
ultimate  needs  of  those  advocating  the  hydrate  theory  of  solutions. 

Two  of  the  strongest  pieces  of  evidence  in  support  of  the  theory  of 
electrolytic  solutions  here  sketched  are  that  it  leads  to  an  explanation  of  the 
remarkable  law  discovered  by  Walden  for  the  dependence  of  ionic  mobility 
upon  the  dielectric  capacity,  or  Faraday's  specific  inductive  capacity,  of  the 
solvent,  and  also  to  a  direct  explanation  of  the  important  valency  rule 
discovered  by  Ostwald. 

So  far  we  have  considered  chiefly  the  effect  of  solvent  on  solute.  Let  us 
now  turn  to  that  of  the  solute  on  the  solvent.  In  "  The  Molecular  Constitution 
of  Aqueous  Solutions  "  it  is  shown  that  the  contraction  occurring  when  electro- 
lytes dissolve  in  water  is  due  to  their  changing  some  of  the  trihydrol  of  the 
water  into  dihydrol.  A  positive  ion  changes  tri-  into  di-hydrol,  while  a 
negative  changes  di-  into  tri-hydrol.  Each  ion  produces  its  own  character- 
istic amount  of  change.  In  the  dynamical  theory  of  the  mobilities  of  ions  in 
water  we  find  those  of  H^  and  OH\y,  namely  318  and  174,  to  be  exceptionally 
large  when  compared  with  values  near  66  for  the  halogens  and  K  and  NH^, 
Theoretically  we  are  led  to  the  conclusion  that  the  mobility  of  Htt  is  67-5,  and 
of  OH|j,  627,  so  that  the  exceptionally  large  mobilities  usually  assigned  to 
these  ions  are  only  apparent.  They  can  be  explained  if  we  suppose  that  each 
H|  ionises  1-92  H^O  into  H|  and  OH[j,  for  then  the  mobility  318  assigned  to 
H|;  is  really  2*92  times  the  mobility  of  H|  together  with  1-92  times  that  of 
OHjj.  In  the  same  way,  if  0H[>  ionises  o"86  H^O,  the  exceptional  value  174 
usually  assigned  as  its  mobility  is  really  that  of  i-86  OHjj  and  o-86  Hji.  These 
conclusions   are   sustained  when   we  inquire   into   the  changes    of   volume 

*  Nature,  Iv.,  p.  382,  1897. 
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occurring  when  acids  and  alkalies  are  dissolved  in  water.  Here,  then,  is  an 
excellent  means  of  testing  the  whole  chain  of  theoretical  reasoning  involved. 
These  calculations  were  published  in  July,  1906.  Now  Doumer,'''  from  a 
careful  experimental  study  of  the  phenomena  at  both  poles  during  the 
electrolysis  of  pure  HCl  solutions,  arrived  at  the  conclusion  that  the  ionisation 
of  water  takes  an  active  part  in  producing  the  electric  conductivity  of  solutions 
of  HCl,  and  that  the  true  mobility  of  Htt  is  nearly  the  same  as  that  of  Clj?. 
Doumer  makes  no  reference  to  my  theoretical  calculation  which  assigned  to 
Htt  the  true  mobility  67'5,  that  of  Clj^  being  6^-().  His  results  completely 
verify  the  theoretical  conclusion.  If,  as  is  usually  supposed,  successful  pre- 
diction of  experimental  or  observational  facts  is  the  best  test  of  the  working 
efficiency  of  a  hypothesis,  this  verification  strengthens,  as  a  whole,  the  theory 
of  the  constitution  of  water  and  of  aqueous  solutions  which  I  have  advanced. 
Another  partial  confirmation  of  the  theory  which  I  may  mention  that  I 
have  recently  obtained  f  is  the  proof  that  the  two  new  types  of  viscosity  which 
are  fundamental  to  the  dynamics  of  ions  in  electrolytic  solutions  are  equally 
fundamental  to  the  dynamics  of  ions  in  gases.  Now,  the  whole  experimental 
evidence  points  to  the  complete  separation  of  ions  in  ionised  gas.  Their 
recombination  can  be  followed  with  remarkable  exactness.  Once  again,  then, 
we  find  strong  confirmation  of  the  existence  of  separated  ions  in  electrolytic 
solutions. 

One  piece  of  confirmatory  work  I  have  not  yet  had  time  to  attempt.  It  is 
known  that  Ostwald  found  apparently  very  beautiful  verification  of  the 
hypothesis  of  partial  ionisation  in  the  behaviour  of  solutions  of  acetic  and 
more  than  200  other  weak  organic  acids.  For  these  the  simplest  mass  action 
formula  holds  admirably,  although  it  fails  entirely  to  account  for  the  partial 
ionisation  assumed  for  ordinary  electrolytes  by  Ostwald,  Arrhenius,  and  van't 
Hoff,  and  their  many  followers.  In  explanation  of  this  fact,  I  have  suggested 
that  these  acids  consist  of  double  molecules,  such  as  we  know  to  exist  in 
acetic  acid — that  acetic  acid,  for  instance,  is  (CH3COOH)2.  When  acetic 
acid  is  dissolved  in  water,  I  think  that  some  of  these  double  molecules  are 
dissociated  into  CH3COOH,  which  is  then  completely  ionised  into  H|  and 
CHjCOO^.the  rest  of  the  (CHjCOOH)^  being  neither  dissociated  nor  ionised. 
If  this  is  so,  the  electric  conductivity  of  dilute  solutions  of  acetic  acid  is 
proportional  to  the  amount  of  dissociation  of  the  double  molecules  which  has 
taken  place,  and  the  formula  of  Ostwald  proves  only  that  the  law  of  mass 
action  applies  to  the  dissociation  and  equilibrium  of  (CH3C00H)2  in  water, 
I  hope  to  examine  this  suggestion  critically  in  detail  soon  by  means  of 
existing  experimental  material. 

As  regards  immediate  developments  of  the  theory  of  the  constitution  of 
water,  the  most  important  will  be  found  in  the  theory  of  colloids  both  con- 
cerning hydrosols  and  hydrogels.  In  colloids  that  pattern  which  corresponds 
with  the  molecule  of  crystalloids  I  have  proposed  to  call  a  semplar.  Each 
semplar  is  provided  with  positive  and  negative  electrons,  by  which  it  attaches 
itself  to  neighbour  semplars,  just  as  each  H^O  in  trihydrol  attaches  itself  to 
the  other  two.  But  the  semplar  of  a  colloid,  by  means  of  its  electrons,  can 
attach  H2O  to  itself.  Moreover,  since  we  know  H^O,  (H.O)^,  and  (H20)3,  we 
should  be  prepared  to  meet  under  suitable  conditions  such  a  chain  as  (H^O),,. 
If  the  two  ends  j|  and  [j  of  this  chain  are  attached  to  [>  and  |  in  a  colloid 
semplar  or  semplars,  with  different  values  of  n  we  have  various  weak 
chemical  combinations  of  the  colloid  with  water.  If  a  semplar  or  group  of 
semplars  is  detached  by  the  water  from  other  semplars,  we  have  a  hydrosol. 

•  Compt.  Rend.,  cxlvi.,  pp.  329,  687,  893,  1908. 
t  Phil.  Mag.  [6j,  xviii.,  p.  341,  1909. 
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If,  on  the  other  hand,  the  semplars  and  attached  H.O  groups  form  a  frame- 
work, we  have  a  hydrogol,  in  the  meshes  of  which  ordinary  water  molecules 
are  confined  more  or  less  in  batches. 

The  theory  here  advocated  centres  round  the  conception  of  atomic  and 
molecular  fields  of  electric  force.  These  are  associated  not  only  with  the 
electrons  of  electrolysis,  but  also  with  the  pairs  of  opposite  electrons  out  of 
which  atoms  are  built.  In  certain  Philosophical  Magazine  articles  I  have 
sought  to  work  out  the  relations  of  cohesion  to  these  atomic  fields  of  electric 
force.  Thermochemistry  must  yet  concern  itself  intimately  with  these  fields 
of  force.  The  whole  of  catalysis  will  have  to  be  worked  out  on  this  basis  of 
molecular  and  atomic  electric  fields,  which  create  favourable  opportunities  for 
chemical  potential  energy  to  run  down  to  a  relative  minimum.  The  manifold 
catalytic  activities  of  water  are  provided  for  in  the  theory  here  outlined. 
With  their  details  the  chemistry  of  the  future  will  be  busy.  At  all  events,  the 
place  of  electrical  ideas  in  -chemical  theory  is  an  appropriate  subject  for 
discussion  at  the  Faraday  Society. 


APPENDIX. 

Prelimixary  Determixatiox  of  Certain  Physical  Properties  of  Solid 
Hydrol  in  Water  of  Crystallisation. 

As  the  most  characteristic  property  of  water  and  ice  is  their  large  dielectric 
capacity,  about  80,  which  must  be  the  value  for  trihydrol  and  also  for  dihydrol, 
it  is  important  to  consider  this  property  in  water  of  crystallisation  or  solid 
hydrol.  Some  values  found  by  J.  Curie  ■'■  are  ver}'  instructive,  namely,  rock 
salt,  NaCl  without  any  water  of  crystallisation,  5*85;  gypsum,  CaS04  +  2H2O, 
6"33  ;  and  alum,  with  its  24H2O,  6'4.  These  results  show  that  water  of 
crystallisation  has  a  dielectric  capacity  nearly  equal  to  that  of  NaCl,  CaS04, 
and  anhydrous  alum.  The  values  of  the  square  of  the  index  of  refraction  for 
these  substances  are  :  Rock  salt  2*36,  gypsum  2-32,  and  alum  (with  24H2O) 
2*2.  As  regards  dielectric  capacity,  then,  water  of  crystallisation  does  not 
possess  the  large  e.xceptional  value  characteristic  of  ice  and  water,  but 
ranges  itself  with  ordinary  solid  binary  compounds.  This  appears  in  a  more 
extended  list  of  values  measured  by  Borel,f  where  for  MgS04  +  7H,0 
parallel  to  the  three  crystalline  axes  the  dielectric  capacity  is  5"26,  6'05,  and 
8-28,  for  gypsum  the  values  range  from  5  to  10,  for  K2SO4  from  4*48  to  (fog, 
and  for  eight  double  sulphates  containing  6H2O  the  individual  values  range 
from  4"6i  to  1071.  The  evidence  is  complete  that  solid  hydrol  has  not  a 
markedly  exceptional  dielectric  capacity.  This  accords  with  a  suggestion 
previously  made  by  me  that  the  large  dielectric  capacity  of  trihydrol  and 
dihydrol  is  due  to  the  opening  out  of  the  collapsed  doublets  i\>  of  hydrol  for 
the  purpose  of  joining  the  component  hydrol  groups  together. 

From  the  data  collected  in  the  Tabellen  of  Landolt,  Born  stein,  and 
Meyerhoffer  the  molecular  refraction  of  water  of  crystallisation  in  a  number 
of  substances  can  be  calculated.  For  convenience  I  have  used  the  Gladstone 
formula  {n  —  i)M/p,  where  n  is  index  of  refraction  for  hne  A  of  spectrum. 
Thus,  for  24H2O  in  K  alum  I  find  104-6,  in  Na  alum  92-3,  and  in  NH4alum 
110-4.  For  12H2O  with  Na3P04the  value  is  60-5,  and  with  Na3HP04it  is  6o-i. 
For  7H2O  with  FeS04,  taking  the  mean  of  the  three  indexes  of  refraction,  it 
is  29-7,  and  with  NiS04  33-2.    For  6H,0  with  NiS04,  Ni(NH4),(S04)2,  FeK2(S04)„ 

*  Ann.  ilc  Ch.  ct  dc  Ph.  [6],  xvii.,  p.  385,  1889. 
t  Conipt.  Rend.,  cxvi.,  p.  1509,  1893. 
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and  Zn(NH^), (804)2  the  values  are  25-8,  iS'i,  11-3,  and  19-1.  The  want  of 
agreement  amongst  these  values  requires  investigation,  but  the  average  value 
for  H2O  in  water  of  crystallisation,  namely,  4*22,  suffices  for  present  purposes. 
For  H2O  in  ordinary  water  and  ice  the  value  is  nearly  6'o.  The  difference 
between  these  numbers  shows  a  profound  difference  between  water  in  its 
ordinary  form  and  in  that  of  water  of  crystallisation.  But  for  hydrol  in  water 
vapour  the  molecular  refraction  is  5'5,  which  is  very  different  from  4*22  for 
HoO  in  water  of  crystallisation.  If  we  use  the  Lorenz-Lorentz  expression 
for  molecular  refraction,  namely,  (;i^  —  i)M/(n='  4-  -)p,  because  it  keeps  its 
constancy  better  than  the  Gladstone  formula  in  passing  from  the  gaseous  to 
the  liquid  state  of  a  substance,  the  difference  between  the  molecular  refrac- 
tion of  H2O  in  water-vapour  and  in  water  of  crystallisation  remains  of  the 
same  order  of  importance.  Thus  we  have  encountered  a  marked  optical 
difference  between  HjO  in  these  two  states.  This  arises,  no  doubt,  from  a 
different  electric  moment  of  the  doublet  ij?  in  the  two  states.  It  must  be 
this  difference  of  moment  which  causes  H^O  in  water  of  crystallisation  to 
have  a  stronger  molecular  attraction  for  other  molecules — that  is,  a  stronger 
cohesional  force  than  H^O  in  water-vapour.  In  the  case'  of  gypsum, 
CaS04  +  2H2O,  the  total  molecular  refraction  is  387,  while  that  of  CaS04 
calculated  from  the  atomic  refractions  is  38*0.  Here  we  have  an  extreme 
instance  of  alteration  of  optical  properties,  similar  in  origin  to  the  irregularities 
found  above  in  connection  with  the  molecular  refraction  of  water  of 
crystallisation. 

Many  values  of  the  specific  heat  of  water  of  crystallisation  can  be  calculated 
from  the  data  of  the  Tabellen  with  occasional  liability  to  rather  serious  error 
in  combining  in  one  calculation  results  derived  from  different  sources.  The 
following  table  contains  the  results,  the  column  headed  ;/  giving  the  values  of 
II  in  the  formulas,  such  as  ZnS04  -f  iiH.O. 


Substance. 

;;. 

Specific  Heat 

of  H2O. 

Substance. 

11. 

Specific  Heat 
of  H,0. 

NiS04 

6 

0-452 

Na2B407       ... 

10 

o'56o 

ZnS04 

7 

•568 

CaCU 

6 

•521 

K2Al2(S04)4    ... 

24 

■522 

Bad, 

2 

•639 

K^Cr^.' 804)4    ••• 

24 

•505 

AI2CI6 

12 

•469 

K2Mg(S04)2    ... 

6 

■435 

AI2F6 

7 

•493 

K2Ni(804)2     ... 

6 

•380 

CaS04 

2 

•533 

K2Zn(S04)2     ... 

6 

•544 

Na2HP04     ... 

12 

•586 

If  we  give  to  each  of  these  values  a  weight  proportional  to  n,  the  mean  obtained 
is  o"5i3  for  the  specific  heat  of  water  of  crystallisation. 

The  specific  heat  of  ice  according  to  Regnault  is  0-463  or  0*474,  and 
according  to  Person  0-503,  which  differ  little  from  the  result  just  found  for 
solid  hydrol.  This  result  confirms  the  explanation  given  for  the  large  specific 
heat  of  ordinary  water,  namely,  that  a  part  of  it  is  heat  of  dissociation  of 
trihydrol  into  dihydrol.  The  specific  heat  of  steam  at  constant  pressure  is 
0-4805,  and  the  ratio  of  its  two  specific  heats  is  1-305,  so  that  the  specific  heat 
of  water  vapour  at  constant  volume  is  0-368.  This  differs  from  the  0*513  of 
water  of  crystallisation  to  about  the  same  extent  as  would  be  characteristic 
of  the  same  substance  in  the  gaseous  and  solid  states.  To  show  this,  let  us 
compare  the  molecular  specific  heat  of  water  vapour  18  x  0-368  =  6-63  with 
twice  the  atomic  heat  of  gaseous  hydrogen  2  x  2-4  together  with  the  atomic 
heat  of  oxygen  gas  2-5,  namely,  7-3.     For  the  same  comparison  in  the  case  of 
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solid  water  of  crystallisation  we  have  i8  X  o'5i3  =  9"2,  while,  the  atomic ^eat 
of  hydrogen  in  solids  being  2'3  and  that  of  oxygen  4*0,  the  molecular  specific 
heat  of  H.O  in  the  solid  state  would  be  computed  as  8'6.  This  consideration 
does  not  enable  us  to  determine  anything  as  to  possible  different  degrees  of 
polymerisation  of  H^O  in  water  vapour  and  water  of  crystallisation.  It  merely 
indicates  that  the  0*5 13  found  for  the  specific  heat  of  water  of  crystallisation 
is  not  markedly  abnormal  like  that  of  ordinary  water.  When  a  crystal  con- 
taining water  of  crystallisation  is  melted,  this  water  changes  into  ordinary  water 
which  has  undergone  the  usual  sort  of  change  owing  to  the  presence  of  the 
solute.  In  melted  Na2HP04  +  24H2O  the  water  has  a  specific  heat  I'og  ;  in 
melted  CaCL  +  6H2O  the  value  o'95.  These  are  near  enough  to  i  to  show  tliat 
in  melting  water  of  crystallisation,  or  hydrol,  changes  into  a  mixture  of  dihydrol 
and  trihydrol.  Thus  the  melting  of  such  a  crystal  is  a  complicated  reaction 
involving  the  ionisation  of  the  solute  as  well  as  the  polymerisation  of  the  solvent. 
Two  interesting  cases  present  themselves  in  some  data  of  Pickering  [Proc.  Rov. 
Soc,  Ixix.,  p.  II,  1891).  Solid  H2SO4  has  a  specific  heat  0-2721,  while  solid 
H2SO4  +  H,0  has  the  smaller  value  o"2273,  which  seems  to  give  further 
evidence  for  writing  the  last  formula  S0(0H)4.  But  on  the  other  hand, 
when  these  two  substances  are  melted,  their  specific  heats  become  0*3355 
and  0-4430,  which  imply  a  specific  heat  i'03  for  the  H^O.  This,  of  course, 
may  be  only  an  apparent  specific  heat.  At  all  events,  interesting  chemical 
reactions  are  indicated.  The  other  exceptional  case  is  that  of  Ca(N03)2  +  4H2O, 
which  behaves  in  the  solid  state  as  if  the  water  of  crystallisation  had  a  specific 
heat  of  I "06,  and  in  the  liquid  state  as  if  the  specific  heat  of  the  water  ot 
crystallisation  were  1-45.  Moreover  the  specific  heat  of  the  melted  crystals 
diminishes  with  rising  temperature.  These  facts  indicate  that  chemical 
transformations  take  place  with  change  of  temperature  and  cause  these 
apparently  large  specific  heats  for  the  water  of  crystallisation.  Possibly 
the  crystals  consist  partly  of  CaH8(NOs)2. 

The  latent  heat  of  fusion  of  crystals  containing  water  of  crystallisation 
supplies  useful  information  concerning  the  energies  of  hydrol. 


Ca(N03)2. 

iNaaS^Oa. 

CaCla. 

Na2Cr04. 

N?2HP04 

Number  of  molecules 

of  H3O         

Latent  heat  of  fusion 

4 

5 

6 

10 

12 

in  calorics  ... 
Latent  heat  per  gram.- 

33'5 

37-6 

407 

37-6 

66-8    • 

mol.  in  k.cal. 

7-9 

9"3 

8-9 

12-8 

23'9 

The  latent  heat  of  fusion  per  gramme  (and  per  gramme-molecule) 
increases  with  the  number  of  groups  of  H,0.  The  percentage  of  water  in 
each  crystal  is  roughly  equal  to  the  latent  heat  of  a  gramme.  This  makes  the 
latent  heat  of  fusion  of  water  of  crystallisation  nearly  equal  to  100,  which  is 
very  close  to  that  of  ice,  namely,  80.  Probably  this  led  to  the  former  belief 
that  water  of  crystallisation  is  only  slightly  modified  ice.  Like  ice,  it  is  solid, 
and  it  has  nearly  the  same  latent  heat  of  fusion  as  ice.  But  we  have  seen 
there  is  a  very  large  difference  between  the  densities  of  ice  and  water  of 
crystallisation.  So  the  latent  heat  of  fusion  of  water  of  crystallisation  merits 
close  study.  According  to  the  ionic  hypothesis,  when  one  of  these  crystals 
melts  the  two  ions  of  the  solute  are  forced  apart  by  the  H,0  groups,  which 
fall  into  the  condition  of  water  as  it  exists  in  strong  solutions,  which  we  shall 


ii6  THE   CONSTITUTION   OF   WATER 

for  ^mplieity  assume  to  be  dihydrol.  The  melting  of  such  a  crystal  involves, 
then,  the  doing  of  a  large  amount  of  work  in  pulling  the  ions  apart  against 
their  electric  attractions  ;  but  the  H^O  does  the  larger  part  of  this  work  as  it 
changes  itself  into  dihydrol  and  forces  itself  between  the  ions  ;  only  a  small 
residue  of  work  is  supplied  from  without  in  the  form  of  the  latent  heat  of 
fusion.  Let  us  estimate  the  work  done  during  ionisation  in  water.  Accord- 
ing to  the  current  exposition  of  the  ionic  hypothesis  it  is  stated  that  the 
heat  of  neutralisation  per  gramme-equivalent  is  that  of  the  combination 
of  the  H  and  OH  ions  to  form  water.     But  according  to  the  theory  which 

1  have  proposed  the  H  ion  of  acids  forms  out  of  water  rg2  H  ions  and  i'g2 
OH  ions,  while  the  OH[j  of  alkalies  forms  out  of  water  o'86  Hfi;ando'86  0H[>. 
Thus  the  heat  of  neutralisation,  which  is  about  15  k.cal.,  is  the  heat  of  com- 
bination for  378  gramme-atoms  of  Hjt  with  OHt>.  On  this  view  the  thermo- 
chemical  equation  is — 

In  water  Hi  -|-  OHl?  ^  water  -|-  4  kilocalories. 

Now  the  heat  required  to  dissociate  a  gramme  of  dihydrol  into  hydrol 
(vapour  water)  is  189  cak.and  that  to  change  a  gramme  of  water  into  dihydrol 
at  100°  C.  is  91,  so  that  the  heat  required  to  change  a  gramme  of  water  into 
hydrol  is  280.     For  18  grammes  it  is  5  k.cal,  and  we  get — 

In  water  H|  +  OHl,  =  H,0  —  1  k.cal. 

We  have  found,  then,  that  the  heat  of  combination  of  Hit  with  OHjj  to 
form  H2O  is  quite  small.  Now  the  electrical  work  done  in  separating  the 
electron    charges    3  x  io~'°  to  infinite  distance  from  an    original    distance 

2  X  io~^  cm.  apart,  which  is  about  the  sum  of  the  radii  of  H  and  OH, 
9  X  io~^°/2  X  io~^  ergs.  For  i  gramme  of  H  ions  it  will  be  4  x  io~=3  times  as 
great,  namely,  9  x  io~"  X  4  X  10^3/2  x  42  x  io9:=43,  when  expressed  in 
kilocalories.  The  work  done  in  forming  an  ion  in  gases  has  been  found  by 
Rutherford  to  be  of  the  order  27  x  10-"  ergs,  corresponding  with  about 
300  kilocalories  for  a  gramme-ion.  We  see,  then,  that  when  the  ions  Hi  and 
OHIj  are  separated  in  water  only  a  small  part  of  the  pure  work  of  ionisation 
has  to  be  done  from  without.  While  work  is  being  done  in  separating  the 
electric  charges,  the  water  is  losing  electric  potential  energy  through  being 
electrised  by  these  charges.  This  very  important  participation  of  the  water 
in  the  energy  changes  during  ionisation  is  doubtless  what  the  supporters  of 
the  hydrate  theory  of  solution  desire  to  get  expressed.  In  ionisation  the 
potential  energy  gained  by  the  ions  as  a  separate  system  is  lost  by  the  ions 
and  the  solvent  as  a  mutual  system.  In  a  complete  electrical  theory  of 
chemistry  there  will  be  no  need  for  a  hydrate  theory  of  solution,  as  the 
mutual  energy  of  ions  and  solvent  will  be  fully  expressed. 

We  saw  above  that  the  heat  of  fusion  of  water  of  crystallisation  is  about 
100  cal.  per  gram  or  i'8  k.cal.  per  18  grams,  whereas  the  hydrol  of  vapour  in 
changing  into  water  gives  out  5  k.cal.  Thus  to  change  water  of  crystallisation 
into  hydrol  as  it  exists  in  vapour  requires  68  k.cal.  per  18  grams.  Here  as  in 
refraction  we  have  evidence  of  a  rather  profound  change  in  the  internal 
electric  energy  of  the  hydrol  of  vapour  when  it  is  changed  into  water  of 
crystallisation  by  the  proximity  of  the  electric  fields  round  the  molecules 
of  salts. 

Melbourne, 
j^uly,  1909. 
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Professor  W.  Nernst  (Berlin)  communicated  the  following 
Paper  on  "  The  Specific  Heat  of  Ice,  Water,  and  Water  Vapour  " 
(translated  by  Dr.  N.  T.  M.  Wilsmore). 

The  abnormal  behaviour  of  water  is  shown  clearly  by  various  properties, 
among  them  by  its  specific  heat  in  the  liquid  and  in  the  gaseous  state. 
Since  a  knowledge  of  the  specific  heat  is  also  required  for  the  calculation 
of  the  vapour-pressure  curves  of  ice  and  water  down  to  the  lowest  tempera- 
tures, a  summary  of  our  information  on  the  subject  would  seem  likely  to  be 
useful  as  a  preliminary  to  any  future  exact  theory  of  the  molecular  structure 
of  liquid  water. 

As  regards  the  molecular  heat  of  ice,  it  may  be  claimed  that  trustworthy 
measurements  down  to  about  —  200°  C.  are  now  available.~-^=  These  are  illus- 
trated by  the  curves  in  the  accompanying  diagram. 

The  specific  heat  of  water  at  high  temperatures  has  been  studied 
especially  by  Dieterici.f  At  very  low  temperatures  the  specific  heat 
cannot,  of  course,  be  determined  with  certainty.  Nevertheless,  it  is  pos- 
sible to  obtain  at  least  an  approximate  idea  of  its  course  by  the  help  of  the 
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thermodynamical  theorem  advanced  by  me,  this  theorem  supplying  a  relation 
between  the  melting-point,  the  latent  heat  of  fusion,  and  the  variation  with 
temperature  of  the  difference  between  the  specific  heats  of  the  substance  in 
the  crystalline  and  in  the  liquid  state. J:  In  particular  it  teaches  that  this  dif- 
ference will  be  small  at  very  low  temperatures ;  and  this  has  been  confirmed 
by  all  direct  measurements  hitherto  made. 

Further,  if  vi'e  consider  with  Einstein  §  that  the  specific  heat  of  ice  [i.e.,  of 
a  crystalline  substance)  at  absolute  zero  is  infinitely  small,  and  assume,  in 
accordance  with  our  theorem,  that  this  is  also  the  case  with  the  specific  heat 
of  super-cooled  {i.e.,  amorphous)  water,  we  shall  be  able  to  plot  the  curve 
down  to  the  very  lowest  temperatures. 

The  molecular  heat  of  water  vapour  under  low  pressures  from  room  tem- 
perature up  to  about  2,500°  is  now  accurately  known, ||  while  that  of  steam 

*  Nernst,  Sifznngsber.  Bcrl.  Acad.  (1910),  p.  279. 
t  Dieterici,  Ann.  d.  Pliysik.  [4],  16,  610  (1905). 

X  Nernst,  Thcorct.  Chcniic,  6th  ed.,  p.  704.  C/'.  also  in  particular  Nernst,  Vcrhandl. 
d.  dcntsch.  PJiysik.  Gcs.  (1909),  p.  326. 

§  Einstein,  Ann.  d.  Pliysik.  [4],  22,  184  (1907). 
II  Pier,  Zeitschr.  f.  Elcktrocli.,  15,  536  (1909). 
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under  high  pressures  has  been  determined,  notably  by  the  measurements 
of  Knoblauch  and  Jacob/'=  But  here  again  it  has  been  possible  to  show 
theoretically  that  the  behaviour  of  the  molecular  heat  can  be  satisfactorily 
explained,  and  in  fact  calculated  with  exactness,  on  the  assumption  of  a 
polymerisation  f — 

2H,0  =  (H,0), +  251Q. 

In  general  it  may  be  claimed  that  the  molecular  structure  of  water  vapour 
has,  by  the  research  just  mentioned  of  Levy  and  myself,  been  satisfactorily 
cleared  up. 

At  any  rate,  we  are  in  a  position  to  plot  the  curve  of  molecular  heat  at 
constant  pressure  for  water  vapour  under  low  pressures,  from  room  tempera- 
ture up  to  the  highest  attainable  temperatures.  But  how  does  water  vapour 
behave  at  very  low  temperatures  ? 

We  may  accept  as  certain  that  C^,  in  accordance  with  the  kinetic  theory, 

cannot  be  smaller  than  ^'R(—  4"96).     Further,  if  we  suppose   with    Boltz- 

mann  that  the  molecules  of  water  vapour  possess  energy  of  rotation  in  three 
directions  at  right  angles  to  each  other,  and  accept  as  correct  the  require- 
ments of  statistical  mechanics,  we  arrive  at  the  conclusion  that  C#  cannot 

g 

be  smaller  than  -  R  (=  7'94).     Since  this  value  is  practically  reached  at  room 

temperature,  it  follows  that  C#  cannot  change  further  down  to  the  very  lowest 
temperatures. 

We  must  not,  however,  forget  that  the  requirements  of  statistical 
mechanics  may  be  modified,  as  Einstein  has  shown,  by  the  hypothesis  of 

energy  elements.    I  myself  was  formerly  inclined  to  the  opinion  that  -  R  was 

the  value  of  Cp  at  low  temperatures.  Since,  however,  one  would  not  ignore 
the  requirements  of  statistical  mechanics  except  for  very  cogent  reasons,  I 

Q 

have  drawn  the  curve  in  accordance  with  the  limiting  value  -  R.  Experi- 
mental research  on  the  molecular  heat  of  water  vapour  and  other  gases  down 
to  very  low  temperatures  would  be  of  the  greatest  interest.  In  the  diagram 
the  curves  are  drawn  as  full  lines  where  they  represent  experimental  results, 
and  dotted  where  they  have  been  obtained  merely  by  calculation. 

The  polymerisation  of  water  vapour,  although  not  very  pronounced, 
explains  the  minimum  which  is  observed  in  the  curve  of  the  specific  heat 
of  that  substance  when  it  is  heated  under  not  too  small  a  pressure.  At  first 
the  heating  causes  a  diminution  in  the  number  of  double  molecules,  and, 
owing  to  their  dissociation,  the  specific  heat  increases  above  the  value  which 
would  normally  correspond  to  the  low  pressure  ;  but  on  further  heating  the 
increase  of  specific  heat  with  rise  of  temperature,  which  is  peculiar  to  all 
polyatomic  gases,  becomes  apparent. 

Also  the  course  of  the  specific  heat  of  liquid  water  may  be  regarded  in  a 
similar  way.  Up  to  about  100°  absolute  the  curve  shows  a  slow  and  steady 
rise.  Then  dissociation  begins,  which  causes  a  rapid  increase.  Since  at 
about  250°  absolute  the  influence  of  dissociation  diminishes,  we  find  a  very 
marked  constancy  from  that  point  up  to  about  400°,  after  which  we  observe 
again  the  normal  and  somewhat  rapid  increase  which  is  peculiar  to  all 
liquids.     As  is  well  known,  we  find  a  minimum,  although  not  very  sharply 

*  Knoblauch  and  Jacob,  Mitt.  iih.  Forsclinngsarbcitcu  a.  d.  Gcb.  ilcs  Ing.  Wcsens, 
Hefte  35-36. 

t  Xernst,  Vcrtiandl.  dcuisch.  PtiysUi.  Gcs.  (1909),  p.  313  ;  Levy,  ibid.,  p.  328. 
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defined,  at  about  313°  absolute,  in  complete  analogy  with  the  behaviour  of 
water  in  the  gaseous  state. 

Since  water  vapour  under  low  pressures  obeys  the  gas  laws  exactly,  it  is 
possible  by  means  of  the  well-known  formuL'e — 

^^  d  log  p        ,    ciX       ^ 
X  =  RT^  — ,n^  and   ^.  =  C^  —  c 

to  calculate  the  vapour  pressure  curves  of  ice  and  water  down  to  the  very 
lowest  temperatures,  when  the  values  for  the  molecular  heat  are  taken  from 
the  curves  here  shown,  and  when,  in  addition,  the  vapour  pressure  for  any 
particular  temperature,  say  T  =  273"09,  is  given. 

The  subject  having  been  thrown  open  for  general  discussion, 

Dr.  H.  Brereton  Baker  showed  an  experiment  illustrating  the  chemical 
inactivity  of  highly  purified  water.  Sodium  amalgam  was  added  to  two 
tubes,  one  of  which  contained  ordinary'  distilled  water  and  the  other  con- 
tained water  of  a  very  high  degree  of  purity.  When  projected  by  the 
lantern  the  latter  exhibited  no  signs  of  the  evolution  of  gas  for  the  first 
20  seconds,  while  in  the  former  vigorous  effervescence  took  pla'e.  Even 
after  5  minutes  the  chemical  action  of  the  purified  water  was  quite  small. 
The  experiment  was  considered  of  importance  as  showing  that  water  which 
was  very  slightly  ionised  was  also  chemically  inactive. 

Dr.  V.  H.  Veley  remarked,  with  regard  to  the  experiment  shown  by  Dr. 
Baker,  that  lie  had  had  hopes  in  younger  and  more  ambitious  days  to  prepare 
nitric  acid  of  such  a  degree  of  purity  that  it  would  be  without  action  on 
sodium,  but  he  was  only  successful  in  obtaining  an  acid  which  could  be  dis- 
tilled over  calcium  carbonate  without  any  reaction  taking  place.  It  was 
hoped  that  others  might  succeed  not  only  in  obtaining  water,  but  also  acids 
which  would  be  inert  towards  alkali  metals. 

It  appeared  to  be  a  matter  of  great  interest  that  Professors  Walden  and 
Guye,  working  with  different  methods  and  on  wholly  different  lines,  should 
have  independently  arrived  at  the  same  conclusion  regarding  the  molecular 
composition  of  water,  namely,  as  to  the  presence  of  trihydrol  and  monohydrol 
varying  in  proportion  according  to  the  conditions  of  temperature.  There 
was  room  for  more  research  on  the  molecular  composition  of  substances 
in  the  liquid  state.  Thus  the  alteration  of  all  the  physical  properties  both  of 
sulphuric  and  of  nitric  acid  at  about  96  per  cent,  concentration  seemed  to 
indicate  the  presence  of  polymeric  molecules  nH2S04  and  nHNOj,  the  value 
in  the  latter  case  being  probably  2  ;  other  cases,  such  as  acetic  acid,  would 
readily  occur  to  the  audience.  The  great  reduction  of  conductivity  value  of 
substances  in  the  anhydrous  state  was  probably  due  not  only  to  the  mere 
absence  of  water,  as  hitherto  supposed,  but  also  to  alteration  of  molecular 
composition.  Concentrated  solutions  and  anhydrous  liquids  had  not  as  yet 
received  such  attention  as  very  dilute  solutions,  possibly  on  account  of 
experimental  difficulties. 

The  observations  of  Mr.  Bousfield  and  Dr.  Lowry  as  to  the  abolition  of 
the  maximum  density  of  water  in  the  case  of  solutions  even  of  relatively  low 
molecular  concentrations  should  lead  to  more  extended  investigations  on  the 
densities  of  saline  solutions  ;  data  of  these  were  often  wholly  inadequate, 
especially  for  the  purpose  of  an  independent  check  of  conductivity  deter- 
minations. But  such  work,  being  tedious,  did  not  attract  young  investigators, 
who,  according  to  the  speaker's  experience,  neither  wanted  to  spend  months 
on  the  purification  of  substances  nor  to  construct  tables  of  physical  data. 
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Mr.  F.  Peake  Sexton  contributed  a  "  Note  on  the  Specific  Heat  of 
Water  of  Crystallisation,"  which  was  read  by  Dr.  J.  A.  Harker. 

It  some  time  ago  occurred  to  me  that  it  would  be  interesting  to  know  the 
specific  heat  of  water  in  its  crystalline  forms,  and  it  is  with  this  object  that  I 
am  now  experimenting.  Although  the  work  is  not  yet  complete,  it  might  be 
interesting  to  this  meeting  to  summarise  the  results  that  have  been  obtained 
up  to  the  present. 

The  specific  heat  was  determined  by  the  method  of  mixtures,  and  copper 
sulphate  was  chosen  as  a  very  suitable  substance  for  the  measurements.  The 
determinations  were  made  in  each  of  its  three  states,  namely,  (i)  anhydrous, 
(2)  with  I  molecule  of  water,  and  (3)  with  5  molecules  of  water.  The  results 
given  here  must  only  be  taken  as  preliminary.  All  the  necessary  corrections 
have  been  appHed,  but  the  object  was  not  to  obtain  a  high  order  of  accuracy. 

Copper  Sulphate.  Specific  Heat. 

Anhydrous  (CUSO4) ...         o"i62 

One  molecule  of  water  (CuSO^ .  H2O)      0*197 

Five  molecules  of  water  (CUSO4 .5H,0)...         o'29i 

For  those  figures  the  specific  heat  of  the  water  of  crystallisation  is 
obtained — 

First  4  molecules       ...         ...         ...         ...        o'522 

Last  molecule  ...         ...         ...         ...         ...         ...        0*508 

In  making  this  calculation  it  is  assumed  that  the  molecular  arrangement 
of  the  copper  sulphate  is  the  same  in  all  three  states,  but  there  appears  to  be 
no  proof  of  this. 

I  had  hoped  to  be  able  to  draw  some  conclusions  as  to  the  molecular 
states  of  crystallised  water,  but  I  do  not  yet  feel  justified  in  making  any 
deductions.  It  will,  however,  be  noticed  that  the  last  molecule  of  water  to 
come  off  has  a  specific  heat  equal  to  that  of  ice. 

The  above  results  should  be  correct  to  HK  2  per  cent. 

Mr.  W.  R.  Bousfield  :  I  have  had  occasion  to  work  out  the  specific 
heat  of  tlie  water  whicli  is  in  combination  with  potassium  chloride  in  solution. 
The  data  as  to  the  specific  heat  of  KCl  solutions  of  various  concentrations 
are  given  by  Thomson,  and  the  figures  for  the  combined  water  are  taken 
from  my  paper  on  "  Ionic  Sizes."  ■•'  The  result  is  that  the  specific  heat  of 
solutions  of  any  concentration  can  be  worked  out  on  the  supposition  that  the 
specific  heat  of  the  KCl  is  0*29,  that  of  the  combined  water  0*59,  and  that  of 
the  free  water  unity.  It  is  interesting  to  compare  this  figure  for  the  specific 
heat  of  the  combined  water  in  a  KCl  solution  with  that  given  by  the  last 
speaker.  As  regards  the  view  advocated  by  Dr.  Lowry  and  myself  for  some 
years  that  water  is  a  ternary  mixture,  and  contains,  particularly  as  one  gets 
nearer  to  the  boiling-point,  a  considerable  proportion  of  simple  steam 
molecules,  the  figures  given  by  Professor  Guye  to-night  are  of  great  interest. 
If  Sutherland's  view  that  water  is  a  binary  mixture  were  correct,  the  factor 
of  association  would  necessarily  lie  between  3  and  2.  The  figure  given  by 
Professor  Guye,  which  is  in  the  neighbourhood  of  1*9  at  100°  C,  indicates 
definitely  that  the  view  that  water  near  the  boiling-point  contains  a  notable 
proportion  of  steam  molecules  is  correct. 

Sir  William  Ramsay  {cominunicaied)  agreed  with  the  former  speakers 
that  the  methods  of  ascertaining  the  value  of  a*,  the  association  factor,  adopted 

*  Pliil.  Trans.,  Series  A,  vol.  206,  p.  149. 
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by  him  and  his  collaborators  were  open  to  criticism.  The  one  method  gave 
too  high,  the  other,  too  low  a  result.  The  ingenious  method  of  calculating 
the  degree  of  association,  suggested  by  Professor  Guye,  appeared  to  him  to 
be  free  from  ambiguity,  and  to  lead  to  the  true  value  of  the  formula  of  liquid 
water. 

As  regards  Mr.  Sutherland's  communication,  it  was  very  tempting  to 
suppose  the  formula  of  ice  to  be  HeOj ;  but  neither  the  connection  of  this 
formula  with  the  hexagonal  form  of  ice-crystals,  nor  the  underlying  idea  of 
the  tetravalency  of  oxygen  was  new.  Some  proof  of  the  probability  of  the 
justice  of  the  speculations  was  urgently  needed,  and,  until  that  was  furnished, 
they  remained  speculations. 

The  main  part  of  Mr.  Sutherland's  paper,  dealing  with  electrons,  had 
little  bearing  on  the  subject.  The  writer  thinks  that  Mr.  Sutherland  has  only 
partially  disentangled  his  mind  from  what  may  be  termed  the  electro- 
phlogiston  theory  of  valency,  inasmuch  as  he  represents  "positive  electrons" 
as  entities,  instead  of  regarding  them  as  mere  absence  of  negative  electrons. 
It  is  as  if  the  School  of  Lavoisier  had  contained  some  persons  of  conservative 
tendencies  whose  instincts  led  them  to  say,  "  Let  us  recognise  the  functions 
of  oxygen  in  converting  a  metal  into  a  calx ;  but  let  us  be  cautious  ;  surely 
the  metal  parts  with  some  phlogiston  in  changing  to  a  calx." 

Again,  why  use  musical  symbols  for  electrons  ?  If  a  letter  is  required, 
surely  E  or  £  would  suffice.  As  a  matter  of  fact  both  Mr.  Sutherland  and  the 
writer  hold  the  view  that  "  bonds  "  or  "affinities  "  are  those  electrons  which 
demand  consideration  in  the  particular  instance  under  discussion  ;  surely 
the  non-used  electrons  may  be  sufficiently  accurately  indicated  by  Roman 
numerals ;  thus  H-Cl,  as  usual,  may  stand  for  hydrogen  chloride  ;  but  if  it  be 
desired  to  keep  in  mind  the  heptavalent  nature  of  chlorine,  as  manifested  in 
perchloric  acid,  H-CP"  does  so  in  a  sufficiently  obvious  manner. 

Dr.  G.  Senter  expressed  his  interest  in  the  papers,  and  was  particularly 
struck  with  Professor  Walden's  statement  that  when  one  substance  forms  a 
good  conducting  solution  when  dissolved  in  a  second,  the  second  also  forms 
a  solution  of  high  conductivity  with  the  first  substance  as  solvent.  With 
reference  to  the  high  conductivity  of  water  when  dissolved  in  sulphuric 
acid,  there  is  other  evidence  of  a  very  fundamental  change  in  the  properties 
of  the  acid  brought  about  by  the  addition  of  a  little  water.  Bredig,  for 
instance,  has  found  that  the  addition  of  ^V  per  cent,  of  water  to  anhydrous 
sulphuric  acid  diminishes  the  rate  of  action  between  the  acid  and  oxalic  acid 
in  the  ratio  of  17  :  i. 

He  did  not  gather  whether  Professor  Walden  intended  to  convey  that  his 
statement  of  the  connection  between  salt  formation  and  electrical  conductivity 
was  of  general  applicability.  The  conductivity  of  fused  salts,  for  instance, 
was  generally,  and  very  plausibly,  ascribed  to  the  presence  of  complex  ions, 
and  he  (the  speaker)  did  not  quite  see  that  the  occurrence  of  these  ions  (in 
fused  silver  chloride,  for  instance,  probably  of  the  type  Ag^CI)  was  connected 
with  salt  formation  in  the  ordinary  sense  of  the  term. 

With  reference  to  the  results  just  communicated  by  Dr.  Marker,  to  the 
effect  that  the  specific  heat  of  four  molecules  of  copper  sulphate  is  the  same 
and  differs  from  that  of  the  fifth  molecule,  they  appear  to  correspond  with 
the  suggestion  which  has  been  made  by  various  observers,  most  recently  by 
Hantzsch,  that  in  copper  sulphate  four  molecules  of  water  are  associated 
directly  with  the  copper  atom,  in  the  sense  of  Werner's  co-ordination  theory, 
the  fifth  molecules  being  either  attached  to  the  SO4  group  or  attached  to  the 
molecule  as  a  whole. 

Mr.    W.    P.   Dreaper    {communicated)  :    According    to   the   theory   of 
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solution  I  put  forward  in  1905,-  the  system  set  up  in  pure  water  should  be 
of  the  same  order  as  when  a  solute  is  present.  The  water  molecules  arc 
regarded  as  playing  the  part  of  both  solvent  and  solute  in  this  case. 

This  theory  suggests  the  setting  up  of  a  solution  system  where  the 
primary  bond  or  attraction  between  the  H  and  O  atoms  is  correspondingly 
reduced  by  the  same  attraction  acting  between  these  atoms  in  different  and 
surrounding  molecules.  This  secondary  force  is  thus  of  the  same  order 
as  the  primary  one,  but  less  in  degree  because  of  the  greater  distance  through 
which  this  force  acts.  This  effect  might  be  modified  by  some  factor  which 
seems  to  come  into  play  at  short  distances,  and  (if  it  exists)  is  said  to 
enormously  increase  the  attractive  force.  This  suggestion  was  defined 
graphically  in  a  simple  system  as  follows  : — 

,.(0H,)...0-  H,...(OH,V 

Variations  in  this  secondary  attraction  .v  would  determine  physical  con- 
ditions such  as  viscosity,  and  account  for  any  observed  increase  in  the  latter 
under  decreased  volume  in  a  system  where  the  molecules  are  consequently 
closer  together. 

The  sum  of  the  atoms  migrating  from  one  molecule  to  another  in  unit 
volume  under  the  reduced  value  of  the  primary  attraction  would  account  for 
the  presence  of  so-called  free  ions  in  the  system.  Pure  water,  unless  inter- 
molecular  systems  were  set  up  in  the  solution,  might  not  act  in  this  way  ;  and 
only  in  the  presence  of  a  solute,  that  is  to  say  in  a  double  system,  might  such 
conditions  of  secondary  strain  be  set  up,  as  are  observed  in  solutions  of 
electrolytes,  colloids,  or  the  so-called  solution  crystals. 

The  presence  of  hydrates,  or  hydrogels,  would  be  determined  by  the 
grouping  of  certain  of  these  units  under  the  condition  of  balance  between 
these  primary  and  secondary  attractions.  An  increase  in  the  secondary  one 
might  be  expected  to  facilitate  the  formation  of  these  systems  in  the  solution 
system. 

Thus  an  increase  in  the  secondary  effect  would  modify  physical  con- 
ditions, and  the  results,  when  expressed  in  terms,  might  suggest  a  condition  of 
molecular  aggregation  (although  this  state  need  not  actually  exist  in  the 
liquid  system  pure  water),  which  might  be  expressed  in  terms  of  dihydrol 
or  trihydrol  respectively. 

The  Chairman,  in  conclusion,  briefly  summed  up  the  results  of  the 
discussion  ;  he  said  :  The  conclusion  at  which  Professor  Walden  has  arrived, 
namely,  that  the  order  of  the  conductivity  of  water  dissolved  in  various  sub- 
stances is  the  same  as  the  order  of  the  conductivity  of  these  substances  when 
dissolved  in  water,  is  assuredly  a  most  important  experimental  result,  and 
one  for  which  we  must  feel  greatly  indebted  to  him. 

The  experiment  shown  by  Dr.  Baker  is  very  striking  indeed,  and  is  one 
the  effects  of  which  I  think  nobody  but  Dr.  Baker  would  have  anticipated  or 
have  looked  for.  The  reduction  of  the  amount  of  impurity  in  the  water 
(which  is,  after  all,  not  very  great)  to  about  one-third  of  that  in  ordinary 
conductivity  water,  certainly  appears  to  make  a  very  extraordinary  difference 
in  the  chemical  activity  of  the  water.  The  thanks  of  the  Society  are  due  to 
Mr.  Baker  for  this  extremely  interesting  experiment. 

There  is  only  one  remark  which  I  should  like  to  make  with  regard  to 
Mr.  Sutherland's  Paper,  which  has  been  circulated  amongst  the  members. 
In  the  course  of  that  Paper  Mr.  Sutherland  says  he  thinks  he  can  explain  why 
the  half  electrolytes  obey  Ostwald's  dilution  law,  whilst  the  good  electrolytes 

*  y.S.C./.,  1905,  p.  226. 


THE   CONSTITUTION    OF   WATER  123 

do  not.  On  reading  the  Paper,  I  am  afraid  I  cannot  accept  Mr.  Sutherland's 
exphtnation.  Although  his  explanation  might  lead  to  these  electrolytes 
obeying  the  dilution  law  as  far  as  conductivity  is  concerned,  it  could  not  lead 
to  the  proper  values  of  the  osmotic  pressure  or  to  the  proper  freezing-points. 
In  fact,  it  could  explain  nothing  but  the  conductivities.  As  a  convinced  ionist 
I  feel  impelled  to  make  this  statement. 

It  must  be  the  feeling  of  all  those  present  that  this  has  been  a  most 
interesting  and  most  instructive  evening  ;  and  perhaps  the  best  feature  of  the 
Papers,  taking  them  altogether,  is  that  the  conclusions  to  which  they  lead 
seem  to  be  very  much  the  same  all  round.  Often  in  a  discussion  of  this 
nature  we  have  great  diversity  of  opinion,  but  here  there  seems  to  be  little 
divergence,  although  the  experimental  material  which  has  been  worked 
with  is  so  exceedingly  diverse  in  the  different  cases.  I  should  think,  as  a 
result  of  this  discussion,  one  will  soon  find,  even  in  the  text-books,  that 
whilst  ice  is  trihydrol,  and  steam  monohydrol,  liquid  water  is  mostly  dihydrol 
with  some  trihydrol  in  it  near  the  freezing-point,  and  a  little  monohydrol  near 
the  boiling-point. 
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Physiko-Chemischer  Messungen.  Ostwald-Luther.  (Pp.  xvi  +  573. 
Verlag  von  Wilhelm  Engelmann,  Leipzig,  1910.     Price  13  M.) 

This,  the  third  edition  of  a  book  which  to  all  who  have  studied  physical 
chemistry  is  a  household  word,  really  does  not  require  reviewing,  because  it  is 
now  so  thoroughly  established  as  the  book  to  which  all  turn  when  in  doubt. 
As  a  laboratory  guide  it  is  now  too  large  for  the  student  to  work  through  from 
cover  to  cover,  it  therefore  requires  the  instructor  to  select  suitable  examples 
for  his  students. 

The  book  is  divided  into  twenty-one  chapters  dealing  with  all  branches 
of  physical  chemistry.  The  first  chapter  is  devoted  to  calculations,  others 
to  measurements  of  length,  weighing,  temperature  measurements,  thermo- 
stats, glass-blowing,  pressure  measurements,  volume,  density,  compressi- 
bility, boiling-points,  vapour  pressure,  melting-points,  diffusion,  solubilities, 
molecular  weight  determinations  in  solution,  calorimetry,  optical  measure- 
ments, electrical  measurements,  electromotive  force,  electro-conductivity 
in  solutions,  electric  quantities,  electrical  and  optical  methods  of  temperature 
measurement,  chemical  dynamics. 

Physical-chemical  methods  are  coming  into  every  phase  of  practical, 
not  to  say  theoretical,  chemistry,  even  into  commercial  chemistry,  so  much  so 
that  the  education  of  a  chemist  is  very  much  lacking  if  he  has  no  acquaint- 
ance with  these  methods.  This  book  before  us,  the  first  of  its  kind, 
made  a  want  and  supplied  it.  It  holds  its  position  unassailed  and  we  are 
grateful  to  the  authors  for  the  enlarged  and  up-to-date  edition  just  published. 
It  should  be  mentioned  that  this  volume  has  been  brought  up  to  date  by 
Dr.  Luther  and  Dr.  Drucker  ;  various  sections  have  also  been  written  by  those 
specially  versed  in  the  particular  branch  of  work. 

Physikalische  Chemie  der  Metalle.  By  Dr.  Rudolf  Schenck.  Sechs 
Vortriige  iiber  die  Wissenschaftlichen  Grundlagen  der  Metallurgie. 
(Halle,  1909 :  Wilhelm  Knapp.     Pp.  193.     Price  7.75  M.) 

This  book  is  the  outcome  of  six  lectures  delivered  by  Dr.  Schenck  in  the 
Technical  High  School  at  Aachen  to  engineers.  The  subjects  taken  are  : 
I.  Change  in  form,  electrical  and  optical  properties  of  the  metals,  electron 
theory  ;  II.  Metallic  solutions  and  alloys  ;  III.  Alloys  of  metals  with  carbides, 
oxides,  bulphides,  steel  and  iron,  phase  rule  ;  IV.  Metallurgical  reactions, 
oxidation  and  reduction  ;  V.  Decomposition  of  carbon  monoxide,  blast 
furnace  ;  VI.  The  reactions  of  sulphides.  From  the  list  of  subjects  treated 
it  will  be  seen  that  in  the  course  of  six  lectures  a  very  large  amount  of  ground 
was  covered.  There  are  some  interesting  diagrams  and  photomicrographs 
of  alloys  showing  the  eutectic  state  and  others  illustrating  the  crystalline 
structure.  The  alloys  of  metal  with  sulphides  are  interesting  as  showing 
that  the  sulphides  have  greater  metallic  properties  than  oxides,  which  alloy 
to  a  much  less  extent.     There  are  photographs  of  alloys  of  lead  and  lead 
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sulphide,  one  containing  787  per  cent,  sulphide  and  the  other  187  per  cent. 
A  very  interesting  diagram  is  the  reproduction  of  a  photograph  showing  the 
effect  of  a  magnet  upon  a  powdered  alloy  of  manganese  and  antimony. 

This  book  is  very  interesting  as  showing  how  important  physical  methods 
are  now  becoming  in  metallurgy  and  the  large  amount  of  important  informa- 
tion one  is  able  to  obtain  by  employing  physical  methods.  It  can  be  highly 
recommended. 

Metallography.  By  Cecil  H.  Desch,  D.Sc,  Ph.D.,  Graham  Young 
Lecturer  in  Metallurgical  Chemistry  in  the  University  of  Glasgow. 
(London,  1910  :  Longmans,  Green  &  Co.,  39,  Paternoster  Row,  E.C. 
Pp.  xii  +  430,  with  14  plates  and  108  diagrams  in  the  text.    Price  9s.  net.) 

The  latest  addition  to  the  series  of  "  Text-books  of  Physical  Chemistry  " 
edited  by  Sir  William  Ramsay  fully  maintains  the  high  standard  of  the 
earlier  volumes.  In  at  least  one  respect  it  excels  them,  namely,  in  the 
inclusion  of  a  series  of  28  photomicrographs,  all  taken  in  the  author's 
laboratory,  and  remarkable  for  their  excellent  clearness  ;  the  photographs 
of  eutectic  alloys  are  especially  noteworthy.  The  volume  will  be  of  great 
service  as  a  book  of  reference,  both  as  regards  the  various  types  of  equili- 
brium-diagram which  are  known  and  as  regards  the  alloys  for  which  the 
diagrams  have  been  traced.  A  list  of  these  alloys  is  collected  into  an 
appendix,  in  which  over  two  hundred  series  of  binary  and  ternary  alloys 
are  referred  to  ;  it  is  also  noteworthy,  as  indicating  the  large  field  covered 
by  modern  -metallography,  that  no  less  than  200  intermetallic  compounds 
are  included  in  this  list  of  alloys.  The  wealth  of  detail  which  the  book 
provides  renders  it  more  suitable  for  the  use  of  a  student  of  Metallurgy  than 
for  a  student  of  Physical  Chemistry  ;  there  are,  however,  a  number  of 
sections  which  will  appeal  specially  to  the  latter,  as,  for  instance,  the 
chapter  on  the  "  Physical  Properties  of  Alloys,"  which  includes  an  excellent 
summary  of  the  information  available  as  to  the  magnetic  properties  of  alloys, 
and  the  chapter  on  "  Electromotive  Force  and  Corrosion."  The  chapter  on 
"  Plastic  Deformation  of  Metals  "  is  well  devised  and  provides  verv  interest- 
ing reading. 

For  those  who  have  a  special  interest  in  the  study  of  metals  the  pubhca- 
tion  of  this  volume  marks  a  very  great  advance  (so  far  as  English  publications 
are  concerned) — an  advance  which  may  perhaps  be  compared  with  that 
which  resulted  from  the  publication  of  Roberts-Austen's  well-known 
"Introduction  to  the  Study  of  Alloys"— and  the  Faraday  Society  is  to  be 
congratulated  that  so  excellent  a  volume  should  have  been  produced  by  one 
of  its  members. 

The  Essentials  of  Chemical  Physiology.  \V.  D.  Halliburton,  M.D., 
LL.D.,  F.R.S.  Seventh  Edition.  (London,  1909  :  Longmans,  Green 
&  Co.     Pp.  x  +  280.     Price  4s.  6d.  net.) 

A  scientific  text-book  which  reaches  a  seventh  edition  in  the  lifetime  of 
its  original  author  must  have  special  merits  of  its  own,  and  this  is  decidedly 
the  case  with  the  work  before  us.  The  first  and  largest  section  represents  an 
elementary  course  in  chemical  physiology  and  consists  of  twelve  lessons  in 
which  the  main  facts  of  the  subject  are  discussed  clearly  and  concisely  and 
instructions  arc  given  for  practical  work.  The  second  section  represents  an 
advanced  course  in  the  subject  in  fourteen  lessons,  and  is  entirely  occupied 
with  instructions  for  practical  work.  In  an  appendix  some  general  and  special 
topics,  such  as  osmotic  pressure,  colloids,  rotation  of  the  plane  of  polarised 
fight,  and  instruments  for  the  examination  of  blood,  are  dealt  with. 
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The  language  is  so  clear  that  the  book  could  be  enjoyed  by  the  non- 
technical reader,  and  it  deals  with  many  subjects,  such  as  the  relative  values 
of  foods,  which  are  of  great  general  interest.  As  would  be  anticipated  in 
any  work  by  the  author,  the  information  is  thoroughly  up  to  date,  and  special 
mention  should  be  made  of  the  account  of  Emil  Fischer's  researches  on  the 
proteins  and  the  short  section  on  the  lipoids  (pp.  30-33).  A  new  chapter  on 
some  typical  organic  compounds  has  been  added  for  the  present  edition. 

In  the  course  of  a  careful  examination  of  the  book,  very  little  has  been 
met  with  to  which  exception  can  be  taken.  In  the  paragraph  on  the 
optimum  temperature  of  enzyme  action  (p.  80)  it  should  be  clearly  stated 
that  the  magnitude  of  the  optimum  temperature  depends  on  the  simultaneous 
action  of  two  factors,  (i)  the  effect  of  increase  of  temperature  in  accelerating 
the  reaction  ;  (2)  the  destructive  effect  of  rise  of  temperature  on  the  enzyme. 
With  reference  to  the  reversibility  of  enzyme  action  (p.  81),  the  statement  of 
Croft  Hill  that  ordinary  maltose  is  formed  by  the  action  of  an  enzyme  on 
glucose  has  been  called  in  question  by  Emmerling,  and  the  matter  is  at 
present  in  dispute.  A  better  illustration  would  have  been  the  action  of 
lipase  on  ethyl  butyrate,  as  to  the  reversibility  of  which  there  is  no  doubt. 
In  the  description  of  Kjeldahl's  method  for  estimating  nitrogen  (p.  254)  it 
would  seem  desirable  to  add  the  sodium  hydroxide  to  the  sulphuric  acid 
by  means  of  a  tap-funnel  passed  through  the  cork,  as  the  direct  addition  of 
excess  of  alkali  before  the  cork  is  inserted  is  apt  to  lead  to  loss  of  ammonia. 
The  statement  of  Morse  and  Frazer's  modification  of  van't  Hoff's  theory  as 
to  the  magnitude  of  osmotic  pressure  (p.  259  footnote)  is  by  no  means  clear. 

In  one  or  two  cases,  statements  as  to  chemical  facts  are  open  to  criticism. 
Thus  the  existence  of  gold,  silver  and  platinum  in  the  colloidal  form  does 
not  "  confer  upon  them  the  property  of  producing  what  is  termed  catalysis  " 
(p.  264),  as  ordinary  platinum  is  a  very  useful  catalyst.  The  greater  activity 
of  colloidal  platinum  is  due  to  its  greater  surface.  Moreover,  many  colloidal 
solutions  have  no  catalytic  power.  The  last  part  of  the  same  sentence,  with 
reference  to  the  reasons  why  enzyme  actions  are  classed  as  catalytic,  is 
somewhat  misleading.  The  real  reason  for  this  classification  is  that  enzymes 
accelerate  certain  chemical  changes  whilst  themselves  remaining  unaltered 
at  the  end  of  the  reaction — an  experimental  fact  which  at  once  brings  them 
within  the  usual  definition  of  catalysts.  In  this  case  there  is  a  want  of 
correlation  between  different  parts  of  the  book,  as  the  facts  are  stated  quite 
correctly  on  p.  80. 

Sulphuric  Acid  and    Alkali.     Volume  II.,    Parts   I.   and   II.     By   Dr. 

George  Luxge.  (London,  1909  :  Gurney  and  Jackson.  Pp.  xx  +  loio. 
Price  £2  2S.  net.) 

The  first  part  of  Volume  II.  of  this  well  known  and  invaluable  book  deals 
with  the  properties  and  occurrences  in  nature  of  the  raw  materials  and 
products  of  the  alkali  industry  ;  Analysis  of  the  raw  materials  and  pro- 
ducts of  the  alkali  manufacture  ;  Manufactvu'e  of  sulphate  of  soda  from 
common  salt  and  sulphuric  acid  ;  Manufacture  of  sulphate  of  soda  by  the 
process  of  Hargreaves  and  Robinson  ;  Various  methods  for  the  manufacture 
of  sulphate  of  soda  ;  Purification  of  sodium  sulphate  (Glauber's  salt).  The 
condensation  of  the  hydrochloric  acid  produced  in  the  manufacture  of  sulphate 
of  soda  ;  Manufacture  of  hydrochloric  acid  by  other  than  the  ordinary 
methods ;  Weak  acid,  control  of  condensation,  yields,  costs,  purification, 
pumping,  and  conveyance  of  hydrochloric  acid. 

Although  the  above  list  gives  the  scope  of  the  volume,  it  only  gives  a  slight 
idea  of  the  amount  of  valuable  information  to  be  found  within  the  covers. 
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Thus  Chapter  VIII.,  dealing  with  the  manufacture  of  hydrochloric  acid  by 
other  than  the  ordinary  methods,  is  most  interesting  and  suggestive.  There  are 
various  methods  given  in  which  the  attempt  is  made  to  decompose  sodium 
chloride  and  produce  hydrochloric  acid  without  employing  sulphuric  acid 
with  the  hope  of  obtaining  a  more  valuable  by-product  than  sodium  sulphate. 
Then  there  are  attempts  to  prepare  it  from  calcium  or  magnesium  chloride, 
both  substances  being  obtained  so  largely  as  by-products,  the  first  in  the 
ammonia-soda  process  and  the  second  in  the  manufacture  of  potassium 
chloride  from  the  Stassfurt  deposits.  As  a  matter  of  fact  three  factories  in 
the  Stassfurt  district  made  12,000  tons  of  hydrochloric  acid  from  magnesium 
chloride.  Of  recent  years,  owing  to  the  great  extension  of  electrolytic  pro- 
cesses, there  has  been  a  tremendous  over-production  of  chlorine,  so  that 
many  patents  have  been  taken  out  containing  proposals  for  turning  the 
chloride  into  hydrochloric  acid.  But  unfortunately  on  the  top  of  this  there  is 
a  tendency  for  over-production  of  hydrochloric  acid,  so  that  the  problems 
facing  the  manufacturer  are  continually  becoming  more  complex. 

Part  II.  deals  with  general  and  historical  notes  on  the  alkali  manufacture, 
theory  of  the  Leblanc  process  ;  The  manufacture  of  black-ash  ;  Black-ash 
and  tank  liquor  ;  Manufacture  of  finished  soda  and  bicarbonate ;  Caustic 
soda  ;  Tank-waste.  This  volume  gives  a  splendid  account  of  the  rise  and 
progress  of  the  alkali  industry.  The  author  commences  with  a  most  interest- 
ing historical  introduction,  in  which  he  shows  how  the  process  was  evolved 
and  how  improvement  after  improvement  was  introduced  in  the  Leblanc 
process,  and  throughout  the  book  these  improvements  are  described  in  full. 
The  theoretical  portion  which  follows  is  also  most  useful.  Chapter  XL,  dealing 
with  the  manufacture  of  black-ash,  is  commenced  with  a  description  of  the 
raw  materials  employed  in  the  manufacture.  The  description  of  the  different 
parts  of  the  process,  helped  as  it  is  by  good  diagrams,  is  ver}^  clear — in  fact,  we 
can  only  say  that  anyone  wishing  to  become  thoroughly  conversant  with  the 
manufacture  in  all  its  details  must  obtain  Dr.  Lunge's  book.  The  author  is  to 
be  congratulated  upon  retaining  the  high  position  which  the  previous 
editions  of  his  books  have  obtained,  and  the  compliment  is  so  high  that  it  is 
not  possible  to  add  to  it. 

Die  Stearinfabrikation.  By  Dr.  Bela  Lach.  Monographien  (iber 
Chemisch-technische  Fabrikations-Methoden.  Vol.  XV.  (Halle,  1905  : 
Wilhelm  Knapp.     Pp.  180.     Price  6.40  M.) 

A  very  useful  monograph  for  all  interested  or  desiring  to  know  the  pro- 
cesses in  the  manufacture  of  stearin  and  stearin  products.  The  book  com- 
mences with  a  short  historical  introduction.  The  scientific  groundwork  was 
laid  in  1813  by  the  French  chemist,  Chevreul,  who  showed  that  animal 
fats  consisted  of  glycerides,  chiefly  of  palmitic,  stearic  and  oleic  acids.  The 
first  manufacture  of  stearin  was  started  in  1825,  but  was  unsuccessful ;  but 
in  183 1  a  manufacture  by  Milly  and  Motard  was  successful,  and  owing  to 
its  success  many  others  were  started  and  the  industry  flourished.  Of  late 
years  the  competition  of  paraffin  wax  in  the  candle  industry  has  been 
very  keen  and  is  bound  to  increase.  The  author  deals  with  the  raw  pro- 
ducts employed  in  the  martufacture,  the  winning  of  the  raw  material, 
the  manufacture  of  oleomargarine,  bone  grease,  fish  grease  and  so  on,  so  that 
it  will  be  seen  the  scope  of  the  book  is  considerable.  The  author  knows  how 
to  compress  his  material  in  a  small  space  without  making  it  scrappy  ;  in  fact, 
very  little  which  is  essential  seems  to  have  been  omitted.  There  are  no  fewer 
than  seventy-nine  admirable  illustrations  to  elucidate  the  text,  and  the  general 
get-up  of   the   book  is  excellent.      The  monograph  will  not  only  be  found 
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useful  to  those  engaged  in  the  industry,  but  it  will  also  be  of  great  interest  to 
those  who  wish  for  a  thorough  insight  into  the  processes  described. 

Laboratoriumsbuch  fiir  die  Erdol-Industrie.  By  Dr.  Richard 
KissLiNG.     (Halle,  1908  :    Wilhelm  Knapp.     Pp.  x  +  82.     Price  3  M.) 

This  laboratory  guide  for  oil  analysis  is  an  extremely  useful  practical 
guide  on  the  subject.  It  gives  all  the  methods  necessary  for  determining 
the  oil  constants  and  for  analysing  samples.  For  example,  the  water  content, 
the  determination  of  the  flash-point,  the  specific  gravity,  the  burning  quality, 
the  determination  of  impurities  and  so  on.  Nearly  half  of  the  book  is  devoted 
to  the  examination  of  oils  in  the  factory.  We  have  used  this  book  in  the 
laboratory  and  have  found  it  of  very  great  use,  the  methods  being  set  out 
clearty  and  succinctly.  Dr.  Kissling  is  to  be  congratulated  upon  the  very 
useful  little  work  and  we  trust  that  the  circulation  will  equal  its  quality. 

Das  Erdol.  Monographen  ueber  Chemisch-technische.  Fabrikations- 
Methoden.  By  Dr.  Richard  Kissling.  (Halle,  1908  :  Wilhelm 
Knapp.     Pp.  X  +  154.) 

This  little  book,  which  is  the  twelfth  volume  of  these  monographs,  is  very 
well  written,  and  it  is  quite  astonishing  what  a  large  amount  of  material  the 
author  has  brought  together  in  such  a  small  space.  The  author  commences 
with  a  brief  survey  of  the  theories  of  mineral  oil  formation.  Is  it  the  product 
of  organic  orinorganic  materials?  Actually  inorganic  of  course  it  could  not  be, 
but  one  theory'  is  that  it  is  produced  by  the  action  of  water  on  carbides  at 
high  temperature  and  under  great  pressure  ;  this  might  be  called  an  inorganic 
source.  Perhaps  the  theory  which  seems  the  most  likely  is  that  it  was  pro- 
duced from  diatoms  or  from  fishy  residues  at  the  bottom  of  the  sea.  It  is  at 
any  rate  an  interesting  fact  that  in  most  cases  salt  water  is  found  along  with 
mineral  oil. 

The  various  boring  tools  are  described  and  illustrated,  and  on  p.  27  there 
is  a  good  reproduction  of  a  photograph  of  a  "gusher."  The  means  of  storage 
and  transport  are  then  dealt  with,  and  then  the  chemical  and  physical  pro- 
perties of  the  oils  from  various  districts  are  discussed.  Following  this  is  the 
main  part  of  the  book,  deahng  with  the  distillation  and  refining  of  the  oil. 
The  little  monograph  is  very  interesting  and  we  recommend  it  to  all  who  may 
be  interested  in  oil  and  wish  to  obtain  an  insight  into  the  subject  without 
reading  the  larger  treatises. 

The  Simple  Carbohydrates  and  the  Glucosides.  By  E.  Frankland 
Armstrong,  D.Sc,  Ph.D.  (London,  1910 :  Longmans,  Green  &  Co., 
39,  Paternoster  Row,  E.G.     Pp.  ix -j-  112.     Price  3s.  6d.) 

This,  the  latest  of  the  monographs  on  Biochemistry  edited  by  Plimmer 
and  Hopkins,  deals  with  the  pentoses  and  hexoses,  the  disaccharides  and  the 
glucosides.  The  first  chapter  is  concerned  with  glucose  and  its  simpler 
derivatives,  the  second  with  the  chemical  properties  of  glucose,  the  third 
with  the  other  hexoses  and  the  pentoses,  and  the.  fourth  with  the  disacchar- 
ides. The  fifth  and  sixth  chapters  deal  with  the  relation  between  con- 
figuration and  biochemical  properties  and  with  hydrolysis  and  synthesis 
respectively,  and  the  seventh  and  last  chapter  contains  an  account  of  the 
natural  and  synthetic  glucosides. 

The   whole    monograph,    excluding    the    bibliography,    only    extends   to 
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91  pages,  and  in  this  space  it  is.  of  course,  impossible  to  give  anything 
hke  a  full  account  of  the  subject.  The  author  has  therefore  assumed  on  the 
part  of  the  reader  a  good  preliminary  knowledge  of  stereochemical  conceptions 
and  results,  and  has  confined  himself  mainly  to  the  recent  developments  of 
the  subject,  illustrated  more  particularly  by  reference  to  the  naturally 
occurrincf  carbohydrates  and  glucosides.  Within  the  Umits  indicated,  the 
book  contains  a  very  readable  and  up-to-date  account  of  the  subject. 

The  first  four  chapters  do  not  appear  to  call  for  any  special  remark.  The 
fifth  and  sixth  chapters,  dealing  with  configuration  and  biochemical  proper- 
ties and  with  hydrolysis  and  synthesis,  are  distinctly  the  most  interesting. 
The  remarkable  fact  that  glucose,  mannose,  and  fructose  are  fermented  at  the 
same  rate  by  yeast  is  ascribed  to  the  intervention  of  an  enolic  form  common 
to  the  three  hexoses  (p.  52).  Although  this  view  appears  quite  plausible  up 
to  the  point  to  which  it  is  carried  by  the  author,  further  consideration  will 
show  that  the  matter  is  by  no  means  so  simple,  as  difficulties  arise  with 
reference  to  the  nature  of  the  equilibria  between  the  enolic  form  and  the 
different  sugars.  The  discussion  of  this  and  of  one  or  two  other  topics 
is  distinctly  inadequate. 

There  is  an  occasional  tendency  to  introduce  hypotheses  which  there  is 
no  reasonable  hope  of  ever  subjecting  to  the  test  of  experiment,  and  some 
of  the  explanations  suggested  do  not  constitute  any  real  advance.  As  an 
illustration  of  the  first  point,  the  "  template"  suggestion  as  to  synthesis  in  the 
plant  (p.  71)  may  be  adduced,  and  also  the  assertion  that  "the  enzyme  must 
fit  the  glucoside  at  every  point  along  the  chain  of  carbon  atoms."  The  latter 
statement  goes  much  farther  than  the  experimental  facts  warrant.  The 
"  explanation  "  of  the  differences  between  acids  and  enzymes  as  hydrolytic 
agents  advanced  on  p.  66  requires  further  elaboration  to  be  of  any  real  value. 

An  interesting  account  of  recent  work  on  amygdalin  is  given  in  the  last 
chapter. 

As  in  the  other  volumes  of  the  series,  an  excellent  bibliography,  extending 
in  the  present  case  to  thirteen  pages,  is  given. 

On  the  whole,  the  book  may  be  heartily  recommended  as  giving  an  excel- 
lent account  of  the  more  important  recent  advances  in  this  branch  of  organic 
chemistry,  and  as  indicating  a  number  of  fascinating  problems  still  awaiting 
solution. 

The  Vegetable  Proteins.  By  Thomas  B.  Osborne,  Ph.D.  (London,. 
1910  :  Longmans,  Green  &  Co.,  39,  Paternoster  Row,  E.G.  Pp.  xiii 
+  125.     Price  .3s.  6d.  net.) 

Whilst  great  and  increasing  attention  is  now  being  paid  to  the  investiga- 
tion of  the  animal  pr.oteins,  and  a  large  number  of  workers  have  for  years 
devoted  their  whole  attention  to  the  subject,  the  study  of  the  vegetable  proteins 
has  been  comparatively  neglected.  A  striking  illustration  of  this,  mentioned 
by  the  author,  is  that  of  the  two  systems  of  classifying  proteins  recently 
brought  forward  by  committees  in  England  and  America  respectively,  only 
the  American  system  was  prepared  to  include  the  vegetable  proteins.  For 
the  last  eighteen  years  the  author  and  his  students  have  been  the  only 
systematic  workers  in  this  field,  and  it  is  therefore  not  surprising  that  a 
considerable  portion  of  the  book  deals  with  the  author's  own  work. 

The  monograph  is  devoted  to  a  discussion  of  the  general  physical  and 
chemical  properties  of  the  vegetable  proteins,  and  the  subjects  are  taken  in 
the  following  order  :  Occurrence,  isolation  and  purification,  basic  and  acidic 
properties,  solubihty,  precipitation,  denaturating,  physical  constants,  products 
of  hydrolysis.     In  the  tenth  chapter  a  detailed  classification  of  the  proteins 
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is  given,  and  the  eleventh  and  last  chapter  is  devoted  to  a  discussion  of  some 
physiological  relations  of  vegetable  proteins  to  the  animal  organism  and  the 
biological  relations  of  seed  proteins  to  one  another. 

Although  the  book  is  perhaps  not  of  the  same  general  interest  as  some 
of  the  other  members  of  the  series,  it  is  one  of  the  most  valuable,  and  its 
ready  accessibility  should  do  much  to  promote  the  aim  of  the  author  that 
"  in  the  future  the  studies  of  animal  and  vegetable  proteins  will  be  brought 
into  closer  relations  than  in  the  past." 

Elektrolytische  Zahler.  By  Dr.  Konrad  Norden.  Monographien  iiber 
angewandte  Elektrochemie.  Vol.  XXXI.  (Halle,  1908  :  Wilhelm  Knapp. 
Pp.  166.     Price  9  M.) 

The  present  volume  is  the  thirty-first  of  the  series  of  "  Monographien 
iiber  angewandte  Elektrochemie"  which  have  been  published  from  time 
to  time  during  the  past  few  years  by  Messrs.  Knapp.  It  is  very  typical  of 
the  thoroughness  of  the  German  devotion  to  the  scientific  spirit  that  a  pub- 
lisher can  be  found  to  publish,  and  a  public  to  purchase,  thirty-one  not 
inexpensive  volumes  one  after  the  other  dealing  with  different  phases  of 
applied  electrochemistry,  a  subject  which  we  in  this  country  have  recognised 
only  recently  as  having  any  official  position  whatever.  On  the  other  hand 
we  can  claim,  as  regards  the  particular  subject  of  this  treatise,  that  the  chief 
progress  has  been  made  in  England,  as,  excluding  the  Edison  copper  volta- 
meter, which  is  now  used  hardly  any  more,  the  two  electrolytic  meters  which 
have  met  with  the  most  practical  success,  viz.,  the  "  Reason"  meter  and  the 
"  Bastian"  meter,  are  both  of  English  design  and  manufacture.  On  turning" 
to  the  chapters  dealing  with  these  two  meters  it  is  apparent  that  the  book 
suffers  from  a  similar  fault  to  some  other  German  monographs  which  we 
have  read,  that  is  to  say,  the  author  in  his  endeavour  to  embrace  his  whole 
subject  has  not  exercised  sufficient  discrimination,  and  has  given  a  large 
amount  of  space  to  meters  which  have  not  got  further  than  a  patent  speci- 
fication, while  the  actually  commercially  used  meters  have  been  dismissed 
with  an  altogether  insufficient  discussion.  Thus  on  p.  132  the  author  states 
that  the  only  one  of  the  many  meters  described  which  depend  upon  the  gas 
voltameter  principle  is  the  Bastian,  and  then  he  devotes  only  three  pages 
to  a  bare  digest  of  the  Bastian  patent  specifications,  without  any  criticism 
of  the  working  of  the  meter,  or  any  experimental  or  other  data  whatsoever. 

The  description  of  the  Wright  (or  Reason)  meter  is  somewhat  more 
satisfactory,  inasmuch  as  it  is  preceded  by  a  dissertation  upon  mercur}'^ 
deposit  meters  in  general,  which  naturally,  and  of  necessity,  deals  with  the 
work  of  the  inventors  of  this  meter.  It  is  clear,  however,  that  the  author  has 
but  little  actual  acquaintance  with  the  Reason  meter  beyond  an  evidently 
thorough  knowledge  of  the  patent  specifications.  It  is  a  matter  of  regret 
also  that  the  author  has  not  been  able  to  deal  with  the  later  developments 
of  this  meter,  which  are,  from  the  electrochemical  point  of  view,  the  most 
interesting.  It  is  well  known  that  owing  to  difficulties  due  to  changes  in 
concentration  the  Reason  Company,  some  years  ago,  caused  a  thorough 
scientific  investigation  to  be  made  of  their  solution  and  electrodes,  which  was 
carried  out  under  the  direction  of  the  late  Professor  Abegg.  As  a  result  of 
this  a  new  solution  consisting  of  a  double  salt  of  potassium  and  mercuric 
iodides  was  introduced.  Accounts  of  this  work  are  available  in  the  technical 
press,  but  in  the  volume  under  review  the  matter  is  dealt  with  only  in  a 
couple  of  footnotes. 

The  book  is  divided  into  three  parts,  respectively  dealing  with  general 
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principles,  the  theoretical  side  of  the  various  electrolytic  processes  used  for 
metering  purposes,  and  the  third  part  dealing  with  actual  and  proposed 
meters.  Especially  to  be  commended  in  a  book  of  this  description  are  the 
excellent  table  of  contents  and  name  index.  An  index  of  patents  up  to  and 
including  the  year  1906  is  given.  It  is  interesting  to  note  that  there  are 
thirty-eight  German  and  thirty-four  English  patents  enumerated,  which  would, 
at  any  rate,  indicate  that  in  tliis  branch  of  applied  science  we  are  not  lagging 
behind  our  Teutonic  cousins.  To  the  user  of  electrolytic  meters  who  may 
desire  to  improve  his  knowledge  of  these  articles  the  book  will  not  be  of 
great  assistance.  Its  chief  value  is  that  it  gives  an  excellent  resume  of  the 
patent  position,  and  we  have  no  doubt  that  the  actual,  and  would-be, 
manufacturer  of  such  meters  will  know  how  to  appreciate  it  as  such. 

The  National  Physical   Laboratory.     Report  for  the  year  1909. 

The  Laboratory  continues  to  maintain  the  high  reputation  it  has  won  for 
itself  in  respect  of  the  importance,  the  thoroughness,  and  the  great  interest 
of  the  work  carried  out  there.  Brief  mention  may  be  made  here  of  some  of 
the  researches  of  electrochemical  and  physico-chemical  interest. 

In  the  Electrical  Department  the  researches  on  the  Weston  Standard  cell 
have  been  continued,  and  in  connection  with  the  silver  voltameter,  some 
interesting  electrolysing  experiments  have  been  carried  out  on  silver  nitrate 
made  from  different  sources.  A  large  number  of  dry  cells  and  other  primary 
batteries  has  been  sent  to  the  Laboratory  for  testing  during  the  year,  and 
a  standard  scheme  for  testing  these  has  been  evolved  which,  when  perfected, 
will  doubtless  be  generally  adopted  by  makers  of  primary  batteries. 

The  Thermometry  Department  has  been  busily  emplo3'ed  in  trying  to 
prepare  from  certain  rare  earths  a  material  sufficiently  pure  to  be  used  in  the 
making  of  gas-tight  vessels.  If  this  research  should  prove  successful,  it 
is  proposed  to  study  in  the  gas  thermometer  the  dissociation  of  steam, 
carbonic  acid,  nitrogen,  and  other  gases,  data  concerning  which,  at  high 
temperatures,  will  be  valuable  to  engineers.  The  new  equipment  installed 
includes  a  28-b.h.p.  Crompton  motor  alternator  speciallv  designed  for 
running  the  induction  furnace,  presented  by  the  Grondal  Kjellin  Company, 
which  is  now  ready  for  work.  The  means  now  adopted  for  testing  thermo- 
electric, absorption,  and  radiation  pyrometers  are  described  in  this  section 
of  the  Report,  which  likewise  records  the  investigations  being  made  of  the 
changes  that  take  place  in  the  structure  and  properties  of  fused  silica  when 
subjected  to  high  temperatures.  Attention  may  here  be  drawn  to  the 
interesting  research  in  the  use  of  silica — remarkable  for  its  low  coefficient 
of  expansion  and  low  thermal  hysteresis— as  a  material  for  standards  of 
length. 

In  the  Metallurgical  Department  the  highly  important  work  of  the 
Alloys  Research  Committee  occupied  the  earlier  part  of  the  year.  Their 
Report,  presented  by  Dr.  Rosenhain  and  Mr.  Lantsberry  to  the  Institution 
of  Mechanical  Engineers  in  January  last,  dealt  with  the  properties  of  some 
alloys  of  copper,  aluminium,  and  manganese.  The  work  now  proceeding  is 
on  the  light  alloys,  both  binary  and  ternary,  of  aluminium — alloys  of  con- 
siderable commercial  importance.  The  study  of  the  aluminium-zinc  series 
has  reached  an  advanced  stage  and  has  already  yielded  results  of  great 
interest.  In  particular  it  has  been  found  that  zinc,  unlike  manganese  or 
copper,  when  alloyed  with  aluminium  in  moderate  proportions,  forms  a  series 
of  homogeneous  solid  solutions,  and  does  not  give  rise  to  a  hard  and  brittle 
second    constituent.     The    addition    of    zinc    further   renders    the    molten 
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aluminium  much  more  fluid,  so  that  sound  castings  are  readily  obtained. 
The  chemical  tests  of  these  alloys  are  at  present  being  carried  out.  Other 
researches  in  this  most  active  Department  deal  with  Eutectics,  Temperature- 
Density  Curves,  Modes  of  Fracture  of  Steel,  and  the  Effects  of  Strain  on  Iron 
at  High  Temperatures.  The  special  apparatus  that  has  been  devised  in 
connection  with  this  work  is  deserving  of  the  most  careful  study.  Very 
interesting  are  the  varied  uses  to  which  electrical  modes  of  heating  have 
been  put,  whether  in  muffle  furnaces,  combustion  furnaces,  or  hot-plates, 
and  it  is  worthy  of  record  that  it  is  intended  gradually  to  replace  all  gas- 
heated  appliances  by  electrically-heated  ones,  both  on  the  grounds  of 
cleanliness  and  general  economy.  In  the  study  of  transverse  sections 
of  tin-plate — as  also  in  other  researches — it  has  been  the  practice  to  embed 
the  specimens  in  electrolytic  copper  for  ease  in  cutting  and  polishing.  The 
somewhat  soft  electrolytic  copper,  however,  is  now  being  replaced  by  electro- 
lytic iron,  of  which  a  thick  coherent  deposit  is  rapidly  obtained  from  an 
electrolyte  of  high  boiling-point,  containing  a  considerable  proportion  of 
calcium  chloride,  kept  well  above  iio°C. 

Metropolitan   Borough   of  Poplar.    Annual   Report  of    the    Medical 
Officer  of  Health  for  1909. 

The  Report  includes  a  very  interesting  account  of.  the  working  of 
Dr.  Alexander's  Electrolytic  Hypochlorite  Plant  during  the  past  year.  It 
appears  that  the  total  output  of  disinfecting  fluid  in  1909  was  27,216  gallons, 
and  the  cost  of  manufacturing  this  was  ^£29  17s.  7|d.  for  electricity  (4,781 
units  at  i^d.)  and  £1'})  4^-  7d-  for  material.  In  consequence  of  the  great 
demand  now  being  made  for  the  fluid,  and  particularly  on  account  of  the  use 
it  is  now  being  put  to  for  purifying  the  Borough  swimming  baths,  additional 
plant  has  been  installed,  consisting  of  four  earthenware  electrolysers  fitted 
with  the  necessary  stirring  machines,  tanks,  &c.  The  total  cost  of  new  plant 
was  ;£430,  and  the  two  plants  can  deliver  in  8  hours  400  gallons  of  electro- 
lytic fluid  containing  4-5  to  6-i  grammes  of  chlorine  per  litre.  There  can  be 
no  question  as  to  the  wide  usefulness  of  a  plant  such  as  this  in  fulfilling  the 
manifold  requirements  of  a  Public  Health  Department,  and  Dr.  Alexander 
is  to  be  very  heartily  congratulated  on  the  complete  success  of  the  Poplar 
experiment. 


The  Faraday  Society  is  not  responsible  for  opinions  expressed  before  it  by 
Authors  or  Speakers. 
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SOME    PRACTICAL   EXPERIENCE   OF  THE 
SHERARDISING   PROCESS. 

By  J.  W.  HINCHLEY,  A.R.S.M.,  Whit.Sch. 

(A  Paper  read  before  the  Faradav  Society,  Tuesday,  May  31,  1910, 
Mr.  W.  Murray  Morrison  in  tlie  Chair.) 

The  sherardising  process  (a  method  of  dry  galvanising  in  which  iron 
or  steel  articles  are  coated  with  zinc  by  being  heated  in  zinc  dust  in  closed 
receptacles),  which  was  discovered  about  nine  years  ago  by  Sherard  Cowper- 
Coles  and  has  been  exploited  commercially  for  the  past  seven  years,  is 
of  great  interest  on  account  of  the  fact  that  no  adequate  scientific  explanation 
has  appeared.  The  general  theory  given  by  the  inventor,  and  upon  which  he 
and  others  have  proposed  analogous  processes,  is  that  the  vapour  of  zinc 
is  the  active  agent  in  the  deposition  of  the  coating.  One  inventor  has 
suggested  that  the  zinc  in  zinc  dust  is  in  an  allotropic  state — an  unstable  form 
giving  off  vapour  explosively,  but  the  process  which  he  has  patented  seems  to 
be  based  on  the  simple  vapour  theory. 

Although  I  am  unable  to  offer  a  complete  theory  of  sherardising,  I  hope 
to  be  able  to  show  that  the  vapour  theory  is  unsound  and  to  lay  some 
foundation  to  a  theory  which  is  not  in  disagreement  with  any  of  the  facts 
at  disposal. 

In  the  early  days  of  the  process  the  vapour  theory  being  unquestionably 
assumed,  the  only  factors  controlled  were  the  temperature  and  the  time  of 
operation,  and  it  was  expected  that  a  batch  of  zinc  dust  could  be  used  without 
addition  until  exhausted  of  metallic  zinc.  On  account  of  the  volume  of  dust  at 
disposal  diminishing,  the  practice  arose  of  adding  new  dust  after  each  opera- 
tion to  maintain  the  stock.  Most  careful  attempts  were  made  to  maintain 
perfectly  uniform  temperatures,  but  to  the  despair  of  the  commercial  men 
controlling  the  business,  a  proportion  of  bad  work  was  often  done  and 
not  discovered  until  too  late.  The  workmen,  of  course,  surrounded  the 
process  with  mystery  and  gained,  as  is  usual,  some  support  for  their  position, 
that  they  alone  could  manage  the  process  if  the  commercial  people  would  let 
them  have  a  good  time. 

Vol.  VI.     Parts  2  and  3.  t  10 


134  SOME    PRACTICAL   EXPERIENCE   OF 

Systematic  scientific  experiment  soon  established  the  fact  that  if  the 
percentage  of  metalhc  zinc  in  the  dust  be  kept  constant  similar  results  were 
always  obtained  between  the  same  temperature  limits,  and  these  limits  were 
much  wider  than  had  been  suspected.  This  fact  at  once  destroys  the 
simple  vapour  theory.  It  was  also  proved  that  the  thickness  of  coating  did 
not  depend  on  the  temperature  of  the  dust,  but  upon  the  temperature  of  the 
article  under  treatment.  The  thinnest  articles  or  parts  of  articles  always 
received  a  thicker  deposit — a  result  which  is  again  opposed  to  the  vapour 
theory,  for  it  would  be  expected  that  the  vapour  would  travel  to  the  cooler 
parts  of  the  drum,  i.e.,  to  the  large  articles,  and  condense  upon  them,  pro- 
ducing a  thick  deposit. 

With  rich  zinc  dust  (80  per  cent,  metallic  zinc)  the  process  is  com- 
mercially uncontrollable,  and  with  poor  zinc  dust  (5  per  cent,  metallic  zinc) 
it  is  almost  impossible  to  obtain  a  commercial  deposit  at  any  sherardising 
temperature,  i.e.,  at  any  temperature  below  the  melting-point  of  metallic 
zinc.  By  tests  on  a  commercial  scale  carried  on  during  several  years  it  is 
found  that  for  general  jobbing  work  a  dust  containing  18  pei"  cent,  of 
metallic  zinc  uniformly  distributed  throughout  its  bulk  gives  practically 
perfect  even  coatings  through  a  wide  temperature  range. 

The  deposition  of  zinc  on  the  articles  takes  place  at  a  rate  depending  upon 
the  strength  of  the  zinc  dust,  the  temperature  of  the  article,  and  upon  the 
time  of  treatment.  The  last  factor  can  always  be  got  rid  of  by  exceeding  the 
time  for  deposition  upon  the  heaviest  articles.  After  a  certain  time  no 
further  deposition  of  any  practical  account  takes  place.  I  am  referring  in  all 
cases  to  sherardising  temperatures  (temperatures  below  420°  C),  and  restrict 
the  term  "  sherardising "  to  the  coating  of  iron  and  steel  by  the  process  ; 
in  the  coating  of  other  metals  and  alloys  by  the  method  the  process  is  not 
comparable. 

Experimental  results  in  the  laboratory  to  determine  the  relations  between 
temperature,  strength  of  zinc  dust,  and  time  were  too  erratic  for  the  purpose, 
but  the  final  results  were  easily  controlled  and  definitely  obtained. 

The  temperatures  used  upon  a  commercial  scale  vary  from  250"  C.  to 
400°  C,  the  lower  temperature  being  aimed  at  for  springs  and  similar 
tempered  articles  and  the  higher  temperature  for  cast  iron  and  similar  goods. 

Now  at  250°  C,  a  temperature  not  much  exceeded  in  best  work,  the  vapour 
tension  of  zinc  by  the  usual  method  of  comparison  cannot  much  exceed  that 
of  mercury  at  0°  C,  viz.,  about  20V0  "^i^i-  Hg,  a  pressure  quite  incapable 
of  determining  the  condensation  on  the  articles  of  i  oz.  of  zinc  per  square 
foot  in  one  hour. 

Generally  speaking,  the  basis  of  the  commercial  process  consists  in  making 
the  strength  of  the  zinc  dust  such  that  when  exhausted  within  one-twentieth 
inch  of  the  surface  of  the  article  (a  range  which  is  controlled  mainly  by 
temperature  conditions)  the  coating  shall  be  of  the  required  thickness. 

A  large  number  of  laboratory  experiments  have  been  made  with  a  view  to 
determining  the  changes  that  occur.  Upon  heating  a  bright  steel  article  in  a 
closed  vessel  half  full  of  zinc  dust,  and  arranged  so  that  the  article  is  half 
embedded  in  the  dust,  one  is  compelled  to  observe  the  following  facts  : — 

1.  As  long  as  the  air-exposed  portion  of  the  article-remains  bright  no 
sherardising  takes  place  on  the  part  which  is  embedded  in  the  dust. 

2.  At  the  temperature  at  which  a  film  of  magnetic  oxide  of  iron  appears 
on  the  exposed  portion  sherardising  is  found  to  have  begun  on  the  embedded 
portion. 

3.  The  growth  of  the  coating  does  not  proceed  uniformly  after  once 
removing  the  article  and  exposing  it  to  the  air. 
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4.  At  the  surface  of  the  dust  and  exactly  level  with  it  a  black  band,  about 
^'5  in.  broad,  is  formed  upon  the  article,  separating  the  air-exposed  portion 
covered  with  a  magnetic  oxide  film  and  the  embedded  portion  which  is 
sherardised. 

5.  If  a  cavity  be  made  about  Tons  '"•  larger  than  the  article,  sherardising 
only  takes  place  at  the  areas  of  contact. 

Composition  of  the  Coating. 

The  coating  always  contains  iron,  whatever  the  purity  of  the  zinc  dust, 
and  from  a  number  of  analyses  it  seems  impossible  to  set  a  limit  to  the  com- 
position. The  iron  appears  to  be  in  solid  solution  in  the  zinc,  and  near  the 
surface  of  the  article  may  amount  to  nearly  10  per  cent,  of  the  coating. 

It  has  generally  been  understood  that  the  coating  penetrates  into  the  iron, 
and  from  chemical  tests  this  appears  to  be  the  case  ;  but  I  have  not  been  able 
to  detect  this  layer  of  zinc-iron  alloy  by  other  methods,  although  the  iron-zinc 
alloy  immediately  external  to  the  surface  is  very  clear.  This  penetration  must 
be  much  smaller  than  was  formerly  supposed. 

Upon  dissolving  the  coating  in  caustic  soda  solution  a  black  slime  is  found 
upon  the  surface  of  the  article. 

This  slime,  after  washing  and  drying  at  the  ordinary  temperature,  brings 
about  spontaneous  combustion  of  the  filter  paper,  and  the  mass  is  found  to 
consist  of  iron  oxide.  The  black  band  formed  on  the  partly  embedded 
article  at  the  surface  of  the  dust  rusts  rapidly  on  exposure  to  the  air,  and 
appears  to  consist  of  finely  divided  iron,  and  in  some  cases  of  magnetic  oxide 
of  iron  in  an  amorphous  form. 

In  the  factory,  black  spots  and  areas,  called  by  the  workmen  "blows,"  are 
occasionally  found,  especially  on  hollow  articles  at  places  where  a  current  of 
expelled  air  is  produced  during  the  process,  and  these  spots  are  similar  in 
character  to  the  black  band  referred  to. 

It  appears  that  a  film  of  magnetic  oxide  of  iron  is  first  produced  upon  the 
surface  of  the  article  which  is  reduced  by  the  zinc,  in  contact,  to  metallic  iron 
which  alloys  with  the  excess  of  zinc  present  to  form  a  film  replacing  exactly 
the  oxide  film  previously  formed. 

If  this  theory  be  correct,  iron  oxidising  with  difficulty  should  sherardise 
with  difficulty,  and  this  is  found  to  be  the  case  ;  cast  iron  needs  a  temperature 
of  over  200°  C.  before  sherardising  begins,  while  soft  steel  begins  to  sherardise 
at  160°  C,  and  some  other  steels,  nickel  steels  in  particular,  need  still  higher 
temperatures  or  do  not  sherardise  at  all.  On  account  of  these  differences 
cast-iron  goods  are  always  treated  apart  from  steel  goods. 

There  is  no  difficulty  in  sherardising, blued  springs  or  steel  already  covered 
with  a  layer  of  magnetic  oxide  of  iron,  provided  that  the  thickness  of  the  film 
be  not  too  great.  On  this  account  annealed  sheets  may  be  sherardised  without 
pickling,  but  if  the  thickness  of  the  film  be  great  the  surface  of  the  sheet  will 
be  rough  and  irregular,  and  in  extreme  cases  the  film  may  not  be  penetrated. 

Again,  any  device  which  facilitates  the  formation  of  the  magnetic  oxide 
film  ought  to  facilitate  the  sherardising  process.  This  is  found  to  be  the  case, 
and  in  the  early  days  of  the  process  the  workmen  accidentally  found  that  if 
the  goods  were  introduced  into  the  dust  in  ^  wet  condition  bright  coatings 
were  more  readily  obtained.  This  practice  became  very  persistent  and  was- 
difficult  to  stamp  out.  The  brightness  of  the  coatings  was  often  in  these 
cases  due  to  its  thinness,  and  in  any  case  the  wastage  of  zinc  dust  was  very 
great. 

The  presence,  in  small  quantity,  of  oil  on  the  goods  has  been  stated  to  be 
unobjectionable,  and  it  has  also  been  suggested  that  carbon  should  be  added, 
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presumably  to  reduce  zinc  oxide  to  metallic  zinc.  Now  oil  in  any  form  ruins 
the  colour  of  the  work,  and  in  many  cases  acts  like  water  in  impoverishing 
the  dust.  The  finely  divided  carbon  produced  is  disseminated  through  the 
porous  coating,  and  gives  a  dirty  appearance  which  condemns  the  work. 
Carbon  does  not,  and  cannot,  reduce  zinc  oxide  at  the  temperature  of 
sherardising. 

Mistakes  in  carrying  out  the  commercial  process  by  which  impurities  are 
introduced  in  the  dust  generally  necessitate  the  replacement  of  the  whole  of 
the  dust  in  use  by  a  new  stock — a  very  costly  proceeding. 

In  starting  new  works  or  in  replacing  old  stocks,  the  strength  of  com- 
mercial zinc  dust  may  be  reduced  for  use  to  18  per  cent,  metallic  zinc  by 
means  of  any  inert  dust,  such  as  silica,  zinc  oxide,  &c. 

The  presence  of  hygroscopic  substances  in  the  dust  must  be  most  carefully 
avoided,  although  a  small  amount  of  zinc  chloride  is  always  present  in  com- 
mercial dust.  Practically  all  impurities  affect  the  process,  and  are  generally 
found  in  the  coating  itself. 

The  pickling  process  should  be  carried  out  with  sulphuric  acid  (of  suitable 
strength  for  the  work)  only.  Other  acids  invariably  lead  to  the  deterioration 
of  the  dust  and  the  necessity  for  greater  additions  of  new  dust  than  the  work 
should  need. 

Analysis  of  the  Zinc  Dust. 

The  analysis  of  the  dust  to  determine  the  amount  of  metallic  zinc  present 
is  readily  carried  out  by  measuring  the  hydrogen  evolved  on  treatment  with 
hydrochloric  acid. 

Since  tlie  variation  in  strength  of  the  zinc  dust  in  use  is  often  greater  than 
I  per  cent,  a  high  degree  of  accuracy  is  not  essential.  I  have  devised  the  simple 
apparatus  shown  in  Fig.  i  for  this  purpose.  The  tube  is  graduated, 
and  has  a  capacity  of  50  cc.  ;  the  bulb  is  about  40  or  50  cm.  diameter. 
The  tube  is  held  horizontally  and  filled  with  water.  A  small  quantity 
of  the  dust  to  be  examined  is  dropped  from  the  tip  of  a  knife  into 
the  bulb,  its  weight  being  determined  by  .transferring  it  from  a 
weighed  bottle.  The  tip  of  the  knife  is  freed  from  any  traces  of  dust 
by  immersion  in  the  water,  and  when  all  the  dust  has  fallen  to  the 
bottom  of  the  bulb  the  tube  is  fixed  vertically.  Concentrated  hydro- 
chloric acid  in  small  amount  is  added  by  means  of  a  pipette,  when 
the  gas  given  off  will  rise  in  the  tube  and  the  displaced  liquid  will 
fall  from  the  mouth  of  the  bulb.  When  the  operation  is  completed 
the  amount  of  gas  may  be  read  off,  the  whole  tube  being  immersed 
in  a  tall  vessel  of  water  to  cool  the  gas  and  equalise  the  pressure. 
The  method  is  capable  of  great  accuracy  if  the  evolution  of  gas  is 
made  to  take  place  slowly,  and  it  is  usually  unnecessary  to  add  such 
substances  as  copper  sulphate,  platinic  chloride,  &c.,  to  facilitate  the 
evolution  of  gas.  The  presence  of  reduced  iron  in  the  dust  vitiates 
the  result,  and  it  is  best  to  determine  this  separately  by  ordinary 
methods. 
(^  L^  The  weight  of  zinc  dust  per  cubic  foot  varies  considerabl}-, 
W''  new  dust  weighing  about  230  lbs.  per  cubic  foot,  40  per  cent,  of  its 
Fig.  I.    volume  being  air. 

The  process  will  be  seen  to  be  far  more  complicated  than  the 
vapour  theory  indicates,  and  seems  to  depend  upon  the  formation  of  a  magnetic 
oxide  film  which  'is  immediately  reduced  to  metallic  iron  by  the  contact  of 
hot  metallic  zinc,  with  the  formation  of  an  alloy  on  the  surface  of  the  article. 
After  the  formation  of  the  first  film  the  diffusion  of  the  iron  through  the 
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deposit  appears  to  determine  its  growth  by  promoting  the  adhesion  of 
further  zinc  particles.  The  oxides,  indeed,  seem  to  behave  as  fluxes.  After 
a  time  the  growth  ceases,  but  if  the  temperature  be  raised,  a  small  further 
growth  may  take  place.  On  examination  after  removal  of  the  article  it  is 
found  that  the  dust  immediately  in  contact  with  its  surface  is  almost  free 
from  metallic  zinc,  while  the  rest  of  the  dust  has  lost  a  proportion  of  its 
original  percentage.  The  general  lowering  of  the  percentage  of  metallic 
zinc  other  than  due  to  the  amount  deposited  on  the  article  is  exactly 
equivalent  to  the  air  and  moisture  present. 

The  Value  of  the  Deposit. 

The  laboratory  tests  of  the  deposit  give  superior  results  to  those  obtained 
in  practice.  Glass  vessels  in  the  laboratory  are  not  equivalent  to  the  diverse 
contact  materials  of  practical  engineering. 

Atmospheric  Corrosion. 

The  coating  resists  atmospheric  corrosion  two  or  three  times  as  well  as 
ordinary  galvanising  of  the  same  thickness  with  an  unbroken  surface.  In 
structural  work,  in  which  bare  iron  and  galvanised  surfaces  are  often  in 
contact,  a  sherardised  surface  has  over  five  times  the  life  of  a  galvanised 
surface.  In  cranes  and  similar  machinery  in  use  outdoors,  the  life  of  a  well- 
sherardised  machine  is  practically  as  great  as  that  of  the  machine  when  used 
indoors. 

The  explanation  of  the  long  life  is  no  doubt  due  to  the  formation  of  a 
protective  mass  of  zinc  oxide  held  together  by  a  spongy  network  of 
metallic  zinc. 

The  first  action  which  takes  place  on  the  exposure  of  a  sherardised  surface 
to  the  atmosphere  is  the  formation  of  a  yellowish  deposit,  which  develops  to 
its  greatest  extent  in  the  first  two  or  three  days.  The  deposit  consists  of  zinc 
oxide  coloured  by  the  trace  of  iron  in  the  coating.  It  does  not  adhere  to  the 
surface,  and  is  washed  off  by  the  first  shower  of  rain.  No  further  formation 
of  such  a  deposit  takes  place,  and  the  surface  gradually  darkens,  ultimately 
becoming  almost  black.  This  condition  is  practically  a  permanent  one,  pro- 
vided that  the  original  coating  contained  f  oz.  zinc  per  square  foot.  With 
coatings  of  the  order  of  ^  oz.  zinc  per  square  foot — a  deposit  which  is  excel- 
lent for  all  indoor  iron  fittings — one  year's  exposure  out  of  doors  is  the 
usual  life. 

Generally  speaking,  a  sherardised  coating  containing  i  oz.  zinc  per  square 
foot  of  surface  is  as  satisfactory  as  a  galvanised  coating  containing  li  oz.  zinc 
on  the  same  area. 

The  coating,  being  porous,  is  perfectly  adapted  for  the  application  of  tar 
or  paint.  The  life  of  the  coating  is  much  increased  by  dipping  it  in  a  weak 
solution  of  paraffin  in  petroleum. 

Corrosion  in  Liquids. 

The  action  of  liquids  on  a  sherardised  coating  is  more  severe,  but  in  this 
case,  in  nearly  neutral  liquids  the  life  of  the  coating  is  much  longer  than  that 
obtained  by  galvanising.  In  acid  liquids  the  life  of  any  zinc  coating,  espe- 
cially if  in  contact  with  a  dissimilar  metal,  depends  mainly  on  the  amount  of 
zinc  present.  Local  action  is,  however,  largely  absent,  and  the  solution  of 
the  coating  takes  place  at  a  very  even  rate.  The  electrical  potential  of  the 
deposit  is  nearer  that  of  iron  than  is  that  of  pure  zinc,  and  that  part  of  the 
coating  which   is   nearest  the  surface  of   the  iron   is   still    nearer,  so   that 
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the  action  of  acid  liquids  upon  tlie  deposit  is  selective,  attacking  the 
thicker  deposits  first.  Owing  to  its  porous  character  newly  sherardised 
coatings  do  not  stand  the  action  of  liquids  so  well  as  older  deposits,  but 
paraffin-dipped  coatings  are  extremeh'  resistent  to  liquid  corrosion. 


CHARGING      &      OISCHARCINC 

APPARATUS        FOR 

SHERARDIZINC        DRUMS 


Fig.  2. 


Testing  the  Coating. 

Preece's  test  for  galvanised  coatings  is  unsuitable  for  examining 
sherardised  articles  on  account  of  the  adhesion  of  the  deposited  copper 
to  the  porous  coating.  It  is  better  to  dissolve  the  zinc  from  a  definite 
area  of  the  coating.     This  is  easily  done  by  supporting  a  hard  rubber  tube 
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in  contact  with  the  surface.  The  tube  is  filled  with  weak  acid  or  caustic 
alkali  solution.  After  the  action  is  over  the  solution  is  examined  and  the 
amount  of  zinc  determined.      It  is  easy  for  an  experienced  person  to  detect 
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faulty  work  by  the  appearance  of  the  coating.     The  differences  are,  however, 
almost  impossible  to  describe. 

Illustrations  of  the  first  plants  erected  in  this  country  for  the  treatment 
of  small  articles  and  goods  whose  dimensions  are  not  extreme  have  already 
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been  published.  Tubes  up  to  a  length  of  14  ft.  6  inches  are  now  being 
sherardised  with  great  success,  and  Fig.  2  is  a  diagrammatic  view  of  a  recent 
plant  for  charging  and  discharging  the  long  drums  used  in  this  process. 
Fig.  3  is  a  view  of  the  actual  plant. 

Fig.  4  is  a  drawing  and  Fig.  5  a  view  of  the  latest  type  of  furnace  for 
heating  such  drums.  The  burners,  using  producer  gas,  are  arranged  along 
one  side  of  the  furnace  so  that  direct  impingement  of  the  flames  on  the  drums 
is  prevented.  The  waste  gases  from  the  furnace  are  drawn  off  by  chimney 
draught  through  openings  on  the  floor  of  the  furnace  ;  tiles  are  used  to  adjust 
these  openings  to  maintain  the  draught  even  throughout  the  length  of  the 
furnace.     The  gear  for  rotating  the  drums  is  plainly  shown.     In  working 
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Fig.  7. 

such  furnaces,  on  account  of  the  bad  heat  conductivity  of  the  zinc  dust,  great 
care  is  needed  to  ensure  an  equal  temperature  throughout  the  drum. 

The  best  practical  method  consists  in  using  a  very  high  temperature  for 
about  one-third  of  the  time  of  treatment  until  the  shell  of  the  drum  has 
reached  the  correct  temperature,  and,  then,  in  reducing  the  amount  of  gas 
burned  to  maintain  this  temperature  for  the  rest  of  the  time.  As  a  rule  the 
temperature  of  the  goods  at  the  centre  of  the  drum  is  about  40°  C.  lower  than 
the  temperature  of  those  near  the  shell.  The  difference  in  thickness  of  deposit 
on  this  account,  provided  the  strength  of  zinc  dust  is  correct  for  the  temperature 
used,  need  not  exceed  ts  oz-  per  sq-  ft. 

Fig.  6  is  a  view  of  a  device  I  have  used  for  sherardising  sheets  which 
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enables  such  goods  to  be  treated  at  an  extremely  low  cost.  The  sheets  are 
packed  alternately  with  "  combs  "  made  of  sheet  steel  of  a  thickness  equal  to 
the  layer  of  zinc  dust  required  between  each  sheet.  The  packet  of  sheets  and 
combs  are  placed  in  a  cast-iron  box  or  sagger  and  the  whole  placed  on  a 
shaking-table.  The  combs  are  provided  with  lugs  so  that  every  alternate 
or  third  or  fourth  one  may  be  raised  while  the  dust  is  being  shaken  in  to  fill  up 
the  space  of  the  combs  as  they  are  removed.  In  this  way  all  the  combs  are 
removed,  leaving  the  plates  evenly  packed  in  zinc  dust  and  ready  for  furnace 
treatment.  The  sheets  packed  by  this  method  are  remarkably  even  in  thick- 
ness of  deposit,  and,  on  account  of  the  regularity  of  the  thickness  of  the  zinc 
dust  between  each  sheet,  its  strength  may  be  increased,  a  larger  number  of 
sheets  packed  in  a  given  space,  and  the  time  of  operation  reduced. 

Fig.  7  is  an  outside  view  of  a  small  oven  for  sherardising  in  stationary 
boxes.  A  gas-ring  below  is  the  source  of  heat  and  the  body  of  the  furnace, 
which  is  capable  of  being  raised  for  the  removal  of  the  boxes,  forms  a  suitable 
hot-air  bath  for  the  process. 


DISCUSSION. 

The  Chairman  asked  whether  the  sherardising  process  had  been 
adopted  for  metals  other  than  iron,  such  as  copper,  aluminium,  &c.  He  was 
aware  that  Mr.  Cowper-Coles  had  experimented  with  aluminium  some  time 
ago,  but  he  believed  without  success.  It  would  be  a  great  gain  if  aluminium 
could  be  sherardised  ;  it  would  be  a  means  of  electroplating  it. 

Had  the  process  any  influence  on  the  tensile  strength  of  material  treated 
as  compared  with  ordinary  zincing  processes  ? 

The  author  thought  that  an  alloy  was  formed  as  a  result  of  the  process, 
and  this,  of  course,  involved  some  penetration  of  the  zinc  into  the  iron.  But 
he  gathered  from  the  paper  that  there  was  no  such  penetration.  Presumably 
the  penetration,  if  any,  would  depend  on  the  time  of  treatment.  What  was 
the  maximum  depth  reached  after  a  considerable  time  ? 

He  was  interested  to  learn  to  what  an  extent  the  process  was  used  in 
America;  that  was  evidence  of  commercial  success  in  that  country,  and  it 
was,  if  so,  surprising  that  it  had  not  been  taken  up  more  energetically  in  this 
country. 

Dr.  H.  Borns  :  I  do  not  wish  to  be  critical,  but,  so  far  as  I  remember, 
some  statements  made  by  Mr.  Hinchley  would  not  appear  to  agree  with  what 
Mr.  Cowper-Coles  said  when  presenting  a  paper  on  the  same  subject  to  the 
Society  of  Chemical  Industry  a  year  ago.  Mr.  Hinchley  did  not  especially 
refer  to  that  paper,  but  may  we  regard  his  own  communication  as  in  a  certain 
sense  supplementary  or  corrective  ?  Mr.  Hinchle}'  may  be  quite  right  in 
accentuating  the  contact  theory,,  but  if  actual  contact  is  necessary,  how  can  a 
fine  screw  be  coated  quite  true,  as  Mr.  Cowper-Coles  claimed  ?  The  latter 
also  said  that  the  iron  drum  did  not  become  coated  on  the  inside  ;  that  is 
difficult  to  understand  on  the  contact  theory,  though  any  zinc  coating  formed 
might  be  decomposed  again  and  oxidised  b}'  the  subsequent  heating.  Mr. 
Cowper-Coles  distinguished  sherardising  and  vapour-galvanising  ;  in  the 
latter  process  the  object  is  suspended  over  the  heated  zinc  dust,  with  which 
it  is  not  in  contact.  I  should  also  like  to  ask  whether  the  sherardised  sheets 
really  can  bear  any  mechanical  maltreatment. 

Dr.  F.  Mollwo  Perkin  expressed  his  great  interest  in  the  process,  with 
which  he  had  some  acquaintance,  at  least  on  a  laboratory  scale.      He  dis- 
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sented  somewhat  from  the  theory  put  forward  by  the  author.  There  is  no 
doubt  zinc  dust  must  have  an  appreciable  vapour-pressure  even  at  low 
temperatures,  and  it  therefore  seemed  to  him  that  the  process  could  be 
carried  out  even  without  actual  contact.  Of  course,  it  will  be  necessary  for 
the  zinc  to  be  very  close  to  the  article,  because  the  vapour  will  not  travel  any 
great  distance  ;  each  particle  of  zinc  will  be,  so  to  say,  enveloped  in  zinc  vapour. 

Dr.  J.  A.  Harker  agreed  with  Dr.  Perkin  regarding  the  possibility  of  the 
reaction  being  a  vapour  one.  It  was  of  interest  in  this  connection  to  mention 
that  at  750°  C.  silver,  which  boils  at  2ioo°C.,  has  a  sufficient  vapour  tension  to 
spoil  electric  insulation. 

Dr.  N.  T.  M.  "Wilsmore  thought  that,  as  the  particles  of  zinc  dust  were 
always  coated  with  a  film  of  o.xide,  direct  metallic  contact  was  hardly  suffi- 
cient to  account  for  the  coating,  especially  in  the  stationary  process.  On  the 
other  hand,  a  very  small  vapour-pressure  of  the  zinc  would  be  sufficient  to 
produce  the  results,  seeing  that  the  distance  through  which  the  vapour  had 
to  diffuse  was  also  small,  except  where  cavities  occurred.  The  characteristic 
smell  of  zinc  seemed  to  indicate  that  the  vapour-pressure  of  the  metal  was 
finite  even  at  ordinary  temperatures. 

Mr.  H.  R.  Ellis  asked  whether  the  process  might  not  be  due  to  some 
electrolytic  action,  such  as  took  place  when  a  mixture  of  zinc  dust,  ZnS04, 
magnesium  powder,  and  an  ammonia  salt  is  rubbed  on  brass,  copper,  or  iron. 
Under  such  conditions  a  deposit  of  zinc  is  readily  formed. 

Mr.  J.  W.  Hinchley,  in  reply,  said  that  he  retained  the  term  sherardising 
for  iron  and  steel  only.  He  believed  that  the  coating  of  other  metals  by  the 
process  was  neither  practical  nor  useful.  Samples  of  sherardised  aluminium 
had  been  shown  to  him  which  proved  to  be  merely  oxidised.  The  addi- 
tion of  other  materials  to  the  zinc  dust  contaminates  the  coatings  obtained, 
and  if  the  materials  be  metallic  oxides  capable  of  reduction  by  zinc,  the 
metal  is  found  in  the  coating.  This  occurs  with  copper  and  one  or  two  other 
metals,  but  no  practical  process  is  as  yet  founded  upon  the  facts.  The 
coatings  obtained  by  the  use  of  other  metallic  materials  free  from  zinc  were 
not  good,  and,  as  a  rule,  very  high  temperatures  were  necessary  for  their 
production.  He  had  never  obtained  a  deposit  of  zinc  and  copper  the  colour 
of  brass  ;  the  colour  of  the  compound  deposit  is  either  that  of  copper  or  of 
zinc.  The  effect  of  the  process  on  the  tensile  strength  is  determined  by  the 
entire  removal  of  all  mechanical  stresses,  and  consequently  of  any  weakness 
or  strength  due  to  them. 

In  the  case  of  wire  and  sheet  this  strength  can  be  largely  returned  by 
drawing  or  rolling  after  sherardising,  choosing,  of  course,  the  proper  tem- 
perature for  the  operation. 

In  the  case  of  chain  and  forged  materials,  generally,  there  is  a  distinct 
improvement  in  strength,  due  to  the  removal  of  the  irregular  stresses  produced 
in  forging.  The  process  detects  flaws  in  materials — defective  welds  and 
cracks  in  forging  are  revealed  with  certainty.  Spun  articles  are  often  full  of 
such  cracks  and  break  up  in  sherardising  ;  such  articles  are  thoroughly  bad, 
and  would  be  condemned  if  the  cracks  were  evident  at  first.  He  did  not 
state  that  there  was  no  penetration  into  the  iron,  but  that  it  was  not  easily 
detected  and  was  much  smaller  than  formerly  supposed  ;  he  had  no  doubt 
that  such  penetration  did  take  place.  Replying  to  Dr.  Borns,  he  considered 
that  Mr.  Cowper-Coles'  conclusions,  in  the  paper  referred  to,  were  unsound 
and  unsupported  by  accurate  observation  of  the  facts.  The  threads  of  screws 
are  not  evenly  coated.  The  deposit  is  always  lighter  in  the  hollows  and 
heavier  on  the  ridges  of  the  thread  than  the  average  deposit  on  any  plane 
surface  of  the  screw.     The  drums  used  for  sherardising  are  covered  with  a 
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thick  layer  of  rust,  which  prevents  the  formation  of  an  adherent  bright 
coating,  but  a  heavy  scale  is  formed,  which  is  very  troublesome  to  remove. 
The  distinction  drawn  by  Mr.  Cowper-Coles  between  sherardising  and 
vapour-galvanising  he  believed  to  be  only  a  matter  of  method  and  plant.  The 
vapour  coatings  he  had  produced  are  only  obtained  at  high  temperatures  and 
are  of  no  utility  whatever — they  are  neither  adherent  nor  protective.  At 
sherardising  temperatures  no  zinc  deposit  whatever  takes  place.  The  com- 
mercial success  of  the  sherardising  process  was  only  obtained  after  the 
abandonment  of  the  vapour  theory.  Sherardised  sheet  iron  can  be  worked 
with  ease,  although  not  with  the  ease  of  tin-plate  ;  the  thickness  of  the 
coating  should  be  small  for  thin  sheets,  and  machine  pressing  should  be 
done  at  about  150°  C.  A  sheet  having  a  deposit  of  i  oz.  zinc  per  square  foot 
was  readily  worked.  He  suggested  that  a  few  calculations  from  the  actual 
facts  might  dispel  the  credence  which  Drs.  Perkin,  Harker,  and  Wilsmore 
were  inclined  to  give  to  the  vapour  theory.  He  did  not  suggest  that  the 
vapour  of  zinc  plays  no  part  in  the  process,  but  that  the  deposit  itself  was 
formed  by  contact,  and  not  by  condensation  of  vapour.  The  sense  of  smell 
was  a  very  unreliable  guide  to  quantity  of  material  present.  There  was  no 
doubt  that  some  electrolytic  action  such  as  Mr.  Ellis  suggested  took  place, 
since  iron  oxide  was  reduced  to  metallic  iron  and  formed  part  of  the  coating. 


THERMIC   REACTIONS   IN   VACUO. 

By   frank   E.  WESTON,   B.Sc,   and    H.    RUSSELL   ELLIS,    B.Sc. 

PART   L 

(A  Paper  read  before  the  Faraday  Society,  Tuesday,  May  31,  1910, 
Mr.  W.  Murray  Morrison  /;/  the  Chair.) 

In  a  paper  read  before  the  International  Congress  of  Applied  Chemistry, 
in  June,  1909,  the  authors  gave  a  synopsis  of  a  number  of  reactions  similar  in 
nature  to  the  well-known  "Thermite"  reaction,  and  also  an  account  of 
experiments  carried  out  with  these  mixtures  in  vacuo.  As  the  paper  appears 
only  in  abstract  in  the  Proceedings  of  the  Congress,  and  as  the  work  has  been 
further  extended  since  that  time,  it  was  thought  advisable  to  give  further 
details. 

The  authors  are  only  able  to  find  reference  to  two  attempts  where  similar 
reactions  have  been  tried  in  vacuo.  Pring*  heated  Al  and  C  in  an  electric 
vacuum  furnace  and  found  that  at  640°  C,  the  melting-point  of  Al,  combination 
begins  to  take  place  and  that  at  1,400°  C.  it  proceeds  rapidly.  From  the 
description  of  the  experiment  it  appears  that  the  reaction  once  started  does 
not  proceed  throughout  the  mass,  whereas,  as  shown  by  the  authors,  a 
mixture  of  4AI  and  3C  when  ignited  with  a  fuse  commences  to  react  and 
proceeds  throughout  the  mass,  when  the  reaction  is  carried  out  in  a  Hessian 
crucible  in  the  air. 

Watts  and  Breckenridgef  state  that  they  were  able  partially  to  reduce 
silica  by  means  of  an  alloy  of  Mg-Ca-Al  when  the  mixture  was  heated  in 
a  steel  vacuum  tube  to  a  high  temperature  ;  also  that  a  mixture  of  MnOz  and 
SiOz  when  heated  with  the  same  alloy  in  the  steel  vacuum  tube  produced  an 
alloy  of  Si-Mn  (22  per  cent,  of  the  theoretical  yield). 

It  thus  appears  from  these  isolated  cases  that  certain  "  Thermitic " 
reactions  which  take  place  readily  in  the  air  are  only  partially  reproduced 
in  vacuo,  and  only  then  when  continuously  heated  to  a  high  temperature. 

Experimental  Methods. 

The  following  methods  have  been  used  by  the  authors  with  varying 
degrees  of  success. 

Method  I. — The  mixture  is  placed  in  a  mild  steel  test-tube,  18. 'in.  long  by 
^  in.  diameter  ;  the  tube  is  connected  both  to  a  mercury  manometer  and 
a  Topler  pump.  It  is  heated  in  a  Fletcher  muffle  furnace  to  a  temperature 
of  1,100°  C.  The  projecting  part  of  the  test-tube  is  cooled  by  cold  water 
in  order  to  preserve  the  connection  between  the  steel  tube  and  the  glass 

*  J.  C.  S.,  554,  p.  2108,  1908. 
Trans.  Amcr.  Elect.  Sac,  xiii.,  1908,  p.  103. 
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tube ;    the   cementing   material   consisted   of   an   intimate   mixture   of   fine 
asbestos  wool,  litharge,  and  water  glass  (see  Fig.  i). 

I.  Mixtures  of  Mg  and  AI2O3  when  heated  in  this  apparatus  reacted  with 
explosive  violence. 


Fig.  I. 


2.  Mixtures  of  Mg  and  CaO  when  heated  in  these  tubes  did  not  react,  but 
the  Mg  distilled  from  the  mixtures  and  condensed  in  the  cool  part  of  the 
tube.     After  several  trials   with    different    mixtures   it  was   found   that  the 
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Fig.  2. 


method    of    heating   the    mixtures  was    unsatisfactory  and    so    the    method 
was  abandoned. 

Method  2. — The  mixture,  contained  in  a  porcelain  boat,  was  placed  in  a  Jena 
glass  tube  12  in.  long  by  i  in.  internal  diameter  (see  Fig.  2).  A  coil  of  thin 
platinum  wire  lying  in  the  mixture  was  connected  to  two  stout  copper  wires, 
which  were  embedded  in  glass  tubes  to  the  length  of  about  6  in.  by  means  of 
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Faraday's  cement  :  these  tubes  passed  through  a  rubber  cork  and  could 
be  connected  to  a  source  of  electric  current.  The  other  end  of  the  Jena  tube 
was  connected  to  a  mercury  manometer  and  the  Tdpler  pump. 

It  was  very  soon  ascertained  that  the  heat  produced  in  the  Pt  wire  by 
the  passage  of  the  electric  current  was  insufficient  to  start  the  reaction  of  the 
mixtures,  even  when  the  Pt  was  raised  to  its  melting-point  (1,780°  C),  except 


Fig. 


in  a  very  few  cases,  and  then  the  tube  invariably  broke  through  the  sudden 
great  evolution  of  heat,  e.g. — 

1.  Mixtures  of  Mg  and  CaO  were  repelled  from  the  heated  Pt  wire,  and 
even  when  the  Pt  wire  was  well  embedded  in  the  mixture,  a  channel  was 
immediately  formed  on  heating  the  wire. 

2.  Thermite  reacted  in  this  apparatus,  but  invariably  broke  the  tube. 

3.  All  mixtures  of  Al  and  Na^Oj  tried  reacted  with  separation  of  metallic 
Na,  but  invariably  broke  the  tube. 

Method  3. — After  several  trials  with  small  bottles,  using  Pt  wire  and 
Fe  wire  as  the  initial  source  of  heating,  it  was  found  that  certain  fuses  could 
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be  easily  fired  by  Fe  wire  heated  by  an  electric  current,  and  tinallv,  the 
following  apparatus  was  designed  and  found  to  give  the  best  results. 

A  wide-mouth  bottle  of  three  litres  capacity  was  fitted  with  a  rubber  cork 
carrying  three  glass  tubes  ;  two  of  these  tubes  carried  stout  copper  wires, 
which  were  embedded  in  Faraday  cement  for  a  length  of  6  in.  and  at  the  top 
end  in  2  in.  of  paraffin  wax.  The  third  tube  was  connected  to  a  Topler 
pump  and  a  mercury  manometer  (see  Fig.  3). 

The  bottom  of  the  bottle  was  covered  with  a  layer  of  sand  mixed  with 
small  lumps  of  quicklime — this  mixture  had  been  previously  heated  in  a 
muffle  furnace  and  finally  cooled  in  a  desiccator.  A  Hessian  crucible 
holding  from  20  to  30  grams  of  any  of  the  mixtures  was  embedded  in  the 
sand,  and  on  top  of  the  mixture  was  placed  'i  gram  of  the  fuse  contained 
in  a  very  thin  piece  of  tissue  paper  ;  on  inserting  the  cork,  a  loop  of  very  thin 
iron  wire,  connected  to  the  two  copper  leads,  just  lay  embedded  in  the  fuse. 
The  jar  was  first  exhausted  with  a  water-pump,  and  then  finally  by  a  Topler 
pump  ;  then  the  fuse  was  fired  by  passing  an  electric  current  through  the 
iron  wire  from  one  to  two  seconds.  The  reactions  that  took  place  always  did 
so  quietly  and  steadily.  In  no  case  did  the  crucible  crack  and  a  very  small 
amount  of  the  mixture  was  always  left  unchanged.  The  pressure  in  the 
apparatus,  after  the  reaction  was  completed,  was  usually  from  50  to  80  mm. — 
due  to  combustion  of  tlie  piece  of  paper  used  with  the  fuse. 


THERMIC    REACTIONS    IN    VACUO. 
PART  II. 

EXPERIMENTS  WITH  MIXTURES  OF  ALUMINIUM  AND 
SODIUM    PEROXIDE. 

By  frank  E.  WESTON,  B.Sc,  axd  H.  RUSSELL  ELLIS,  B.Sc. 

Mixtures  of  Al  powder  and  Na^O^  react  vigorously  and  vvitli  great  heat 
evolution  in  the  air,  when  treated  with  a  very  small  amount  of  water  ;  this  is 
especially  the  case  with  the  mixture  made  in  the  proportion  of  4AI  to 
3Na202  ;  one  drop  of  water  allowed  to  fall  on  a  few  grams  of  this  mixture 
produces  a  violent  reaction,  accompanied  with  a  vivid  flash  of  light.  When 
such  mixtures,  however,  are  treated  with  water  in  vacuo  no  such  reaction 
takes  place,  but  only  a  slow  evolution  of  gas  is  observed.  In  a  partial  vacuum 
it  is  found  that  the  reaction  takes  place,  but  always  then  much  quieter  than  in 
the  air.  The  experiments  described  below  were  carried  out  on  the  mixture 
4AI  and  3Na20^.  The  apparatus  used  was  similar  to  that  described  in  Part  I., 
Fig.  3,  excepting  that  the  leading  wires  were  replaced  by  a  tap  funnel  and 
the  bottles  varied  from  one-half  to  one  litre  in  capacity.  From  one  to  two 
grams  of  the  mixture  was  used  in  each  experiment,  and  was  contained  in 
a  porcelain  crucible. 

Experiment  i.— Bottle  charged  and  exhausted  on  water  -  pump  till 
manometer  read  720  mm.  ;  barometer  reading  750  mm.  One  drop  of  water 
produced  a  vigorous  action  :  a  flash  of  light,  and  the  bottle  smashed. 

Experiment  2. — New  bottle  charged  and  fitted  up,  but  on  leaving  for  two 
minutes  preparatory  to  exhausting,  reaction  took  place  with  such  violence  as 
to  blow  out  the  cork. 

Experiment  3. — Apparatus  as  Experiment  2  ;  exhausted  on  water-pump  and 
then  on  Topler.  One  drop  of  water  produced  no  reaction  ;  more  water  (up 
to  ten  drops),  no  reaction  ;  air  admitted,  no  reaction. 

Experiment  4. — As  in  Experiment  3,  but  before  exhausted  on  mercurj-  - 
pump  the  mixture  reacted  with  explosive  violence  as  in  Experiment  2. 

Experiment  5. — Clean,  dry  apparatus  used  and  exhausted  as  in  Experi- 
ment 3.  No  reaction  produced  by  three  drops  of  water,  but  on  allowing  air 
to  enter  till  manometer  stood  at  500  mm.  reaction  started  and  went  smoothly 
to  an  end  ;  pressure  reading  at  end  of  experiment  was  450  mm.  on  mano- 
meter. 

Experiment  6. — As  in  Experiment  5.  No  reaction  at  first,  but  after  a  few 
minutes  a  vigorous  evolution  of  gas  took  place,  but  no  incandescence  pro- 
duced ;  reaction  proceeded  thus  till  manometer  stood  at  300  mm. 

From  these  experiments  and  a  few  more  of  a  similar  nature  not  described 
the  following  conclusions  were  arrived  at : — 

I.  The  apparatus  must  be  perfectly  dry  and  clean  before  charging  with 
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the  mixture.  The  gases  produced  in  the  reaction — steam,  H,  &c. — must  be 
completely  removed  before  recharging,  otherwise  the  reaction  starts  appa- 
rently spontaneously.  The  sand  must  be  removed  and  ignited  before  each 
experiment. 

2.  Only  one  drop  of  water  is  required  to  start  the  reaction  in  a  normal 
manner,  but  more  water  prevents  the  normal  reaction  and  causes  a 
secondary  one,  which  is  probably  as  represented  by  the  following  equa- 
tions : — 

Na,0,  -I-  H,0  =  2NaOH  +  O 
3NaOH  -I-  Al  =  NajAlOj  -f  3H 
H,  -I-  O  =  H,0. 

3.  Reaction  does  not  start  in  absolute  vacuo,  hut  the  mixture  becomes  wet, 
whereas  in  air  the  first  drop  of  water  does  not  wet  the  mixture  but  causes 
the  reaction  ;  in  dropping  water  rapidly  from  a  burette  into  the  mixture  in 
air  the  reaction  takes  place  just  as  readily  as  if  only  one  drop  is  used. 

Further  experiments  were  carried  out  in  which  great  care  was  taken  to 
have  reacting  bottle  and  materials  perfectly  dry  and  clean.  The  following 
are  a  few  typical  ones  : — 

Experiment  i. — Apparatus  as  in  previous  experiments  ;  barometer, 
743  mm.  ;  manometer,  720  mm.  Three  drops  of  water  added,  no  reaction 
except  slight  effervescence  ;  pressure  increased  till  manometer  read  600  mm., 
and  more  water  added  but  without  effect.  Pressure  brought  to  atmospheric 
and  crucible  removed.  The  mixture  was  then  covered  with  water,  but  no 
reaction  took  place.  The  water  was  poured  off  and  the  moist  surface 
removed,  and  on  adding  one  drop  of  water  to  the  freshly-exposed  dry  surface 
the  reaction  immediately  took  place  with  the  normal  intensity. 

Experiment  2. — Same  as  Experiment  i,  only  starting  with  manometer  at 
640  mm. ;  no  reaction  obtained.  On  removing  crucible  as  in  Experiment  i 
the  dry  powder  reacted  instantly  with  one  drop  of  water. 

Experiment  3. — Same  as  Experiment  2,  but  manometer  at  500  mm.  ;  re- 
action took  place  on  addition  of  two  drops  of  water  ;  the  manometer  fell 
rapidly  during  the  reaction,  but  finally  rose  to  510  mm.,  and  then  began  to 
fall  very  slowly. 

Experiment  4. — Same  as  previous,  but  manometer  at  550  mm.  ;  four  drops 
of  water  started  the  reaction. 

Experiment  5. — Same  as  previous,  but  a  crucible  lid  used  instead  of  a 
crucible,  and  the  mixture  was  well  spread  out  over  the  lid.  Manometer  at 
550  mm. ;  reaction  started  easily,  and  manometer  rose  to  570  mm.,  and  then 
ver}'  slowly  fell. 

Experiment  6. — As  in  Experiment  5.  Manometer  650  mm.  ;  no  action 
except  slight  effervescence  ;  air  admitted  till  manometer  was  570  mm.,  and  a 
drop  of  water  allowed  to  fall  into  a  dry  part  of  the  powder  ;  reaction  took 
place  immediately. 

Experiment  7.  —As  in  Experiment  6.  Manometer  700  mm.  ;  no  reaction  ; 
reaction  started  when  manometer  was  at  550  mm. 

From  a  large  number  of  similar  experiments  it  was  found  that  the  reaction 
could  be  started  when  pressure  in  the  apparatus  was  between  183  mm.  and 
193  mm. 

Experiments  on  other  fuses  were  tried,  but  it  was  found  that  the  fuses 
either  would  not  react  at  all  in  air  with  water,  or  else  reacted  with  explosive 
violence.     For  example  : — 

I.  A  mixture  of  Mg  and  NajOj  exploded  when  treated  with  two  drops  of 
water. 
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2.  A  mixture  of  2Mg  and  Na^O^  gave  no  reaction  with  water  exxept  a 
quiet  effervescence. 

3.  A  mixture  of  3Mg  and  NaaO^  behaved  as  in  2. 

One  or  two  drops  of  concentrated  HCl,  however,  produced  violent  ex- 
plosions with  all  the  mixtures. 

After  many  trials  it  was  finally  found  that  the  best  fuse  to  use  in  vacuo  was 
a  mixture  of  4AI  and  3Na,0,,  and  that  it  could  best  be  fired  by  an  iron  wire 
electrically  heated. 
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PART  III. 

REDUCTION  BY  MAGNESIUM  POWDER  OF  SILICIC  ANHYDRIDE 

By  H.  RUSSELL  ELLIS,  B.Sc,  and  FRANK  E.  WESTON,  B.Sc. 

Magnesium  powder  readily  reduces  silicic  anhydride  in  presence  of  air 
without  external  heating  during  the  reaction  ;  the  products  consist  of  free 
silicon,  one  or  more  of  the  silicides  of  magnesium,  magnesium  oxide,  and 
possibly  silicon  monoxide. 

It  has  been  shown  previously  that  in  similar  actions  the  air  plays  an 
important  part,  more  especially  in  the  initial  stages  of  the  reduction.  In  the 
experiments  now  described  the  interaction  has  been  studied  in  absence  of 
air,  and  mixtures  containing  the  following  varying  quantities  of  the  constituents 
have  been  made  to  react  in  vacuo  and  the  products  examined. 

(a)  Equal  weights  of  each. 

(b)  In  proportions  Mg  +  SiO^. 

(c)  In  proportions  2Mg  +  SiO^. 
{d)  In  proportions  4Mg  +  SiOj. 

The  magnesium  powder  was  supplied  by  Kahlbaum,  and  was  found  to 
contain  a  small  amount  of  MgCOj,  which  caused  an  evolution  of  gas  during 
the  reduction. 

The  silica  used  was  precipitated,  and  before  use  was  strongly  ignited. 

The  fuse  used  to  start  the  reaction  consisted  of  a  mixture  of  Al  powder 
and  NasOj  in  proportion  4AI  to  3Naj02. 

The  apparatus  used  was  the  large  bottle  of  about  three  litres  capacity,  fitted 
up  as  shown  in  diagram  3,  Part  I. 

Analysis  of  the  Mixture  resulting  from  the  Reaction. 

It  was  thought  that  by  using  excess  of  Mg  it  would  be  possible  to  use  up 
the  whole  of  the  SiO^,  and  by  subsequent  treatment  of  the  residue  with  acids 
to  obtain  pure  silicon.  A  mixture  was  therefore  made  consisting  of  equal 
parts  of  SiOa  and  Mg  ;  for  the  reaction  demanded  by  the  equation — 

2Mg  +  SiO,  =  2MgO  +  Si, 
487  parts  Mg  are  required  to  60  parts  of  SiO^. 

Twelve  reductions  were  carried  out,  each  time  20  to  30  grams  of  the 
mixture  being  used  ;  the  contents  of  the  crucible  from  each  reaction  were 
powdered,  mixed,  and  analysed.  The  products  consisted  of  free  Mg, 
unreduced  SiO^,  two  or  more  silicides  of  Mg,  free  Si,  MgO,  and  possibly 
some  silicon  monoxide. 

The  complete  quantitative  analysis  of  the  mixture  has  not  yet  been 
successfully  carried  out,  owing  to  the  difficulties  met  with. 

The  authors  are  carrying  out  experiments  to  throw  light  on  the  formation 
of  "  monox,"  and  to  find  certain  reliable  tests  for  this  substance.  Owing  to 
lack  of  reliable  information  with  regard  to  magnesium  silicides,  no  complete 
estimation  of  these  bodies  has  yet  been  made 
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1.  Examination  and  Esiimaiion  of  SiJicidcs.—On  treatment  with  strong 
HCl  a  large  amount  of  spontaneously  inflammable  gas  was  evolved,  and  on 
washing  and  drying  the  residue  at  ioo°  C.  and  then  treating  with  HF  more 
inflammable  gas  was  evolved.  It  was  found  impossible  to  completely 
decompose  the  silicides  with  HCl  ;  this  was  either  due  to  (a)  a  protective 
layer  of  SiO,  formed  in  the  reduction,  {b)  to  a  film  of  SiO^  deposited  during 
the  action  of  the  acid,  (t)  to  different  silicides  being  present  which  are 
unattacked  by  HCl. 

The  decomposition  by  HCl  was  carried  out  in  an  atmosphere  of  hydrogen 
or  CO2  and  also  in  vacuo,  and  in  each  case  a  large  amount  of  undecomposed 
silicide  remained. 

2.  Decomposition  in  CO.  or  //.—The  weighed  powder  was  placed  in  the 
middle  flask  and  just  covered  with  water  ;  H  or  CO^  suitably  washed  was 
passed  through  the  apparatus  until  the  whole  of  the  air  was  expelled  ;  by 
adjusting  the  taps  shown  a  very  slow  stream  of  gas  was  then  driven  through 
the  apparatus  during  the  e.xperiment.     Strong  HCl  was  added  very  slowly. 


Fig.  4. 


and  a  vigorous  reaction  took  place,  the  evolved  gases  passmg  through  the 
three  test-tubes,  which  contained  AgN03  solution. 

The  AgNOj  solution  in  the  first  tube  became  black  immediately,  while  if  the 
operation  was  carefully  carried  out  the  solution  in  the  last  tube  remained  clear. 

The  flask  was  warmed  when  the  reaction  had  become  slow,  and  H  or  CO^ 
passed  until  the  whole  of  the  SiH^  was  driven  over.  The  deposited  silver 
was  dissolved  in  HNO3  after  filtering  and  washing,  and  estimated  by  standard 
NH.CNS. 

The  mixture  in  the  flask  still  contained  undecomposed  silicides. 

If  the  reactions  are — 

(a)  Mg,Si  +  4HCI  =  SiH,  +  2MgCL, 

(6)  SiH,  +  4AgN03  =  Si  +  4.'\g  +  4HNO3, 

then  108  grams  Ag  =  to  19  grams  Mg^Si. 
In  two  estimations — 

I  gram  mixture  used  and  5'9  c.c.  of  '098  N.  NH^CNS. 
I  gram  mixture  used  and  6'35  c.c.  of  "098  N.  NH4CNS. 

corresponding  to  about  i"2  per  cent,  Mg^Si. 


THERMIC    REACTIONS    IN   VACUO 


153 


The  estimation  in  this  manner  was  abandoned  after  many  attempts. 

3.  Reaction  between  HCl  and  the  Mixture  in  Vacuo. — The  gas  was  generated 
by  adding  concentrated  HCl  very  slowly  and  carefully  to  the  mixture  after 
exhausting  the  apparatus  (see  Fig.  5)  ;  the  gas  evolved  was  finally  driven 
over  into  a  mercury  gas  holder  by  means  of  freshly  boiled  distilled  water, 
and  was  stored  out  of  contact  with  water. 

The  gas  when  first  made  was  spontaneously  inflammable,  but  after  storing 
for  some  time  it  lost  this  power  and  consisted  of  almost  pure  hydrogen, 
giving  no  deposit  of  SiOj  v^hen  burnt.  (The  mixture,  after  keeping  for  some 
time  and  decomposed  in  vacuo  gave  no  spontaneously  inflammable  gas  with 
HCl,  although  with  HF  this  was  given  off  rapidly.)  The  gas  evolved  was 
estimated  as  shown  later. 

The  residue  in  the  flask,  although  it  showed  no  reaction  on  warming  with 
HCl,  readily  evolved  spontaneously  inflammable  gas  with  HF. 


Fig.  5. 

The  authors  were  not  able  to  estimate  the  total  silicides  by  this  method 
but  consider  that  at  least  two  silicides  were  present^ 

Mctliod  of  Analysing  the  Gas. 

A  small  volume  of  about  10  c.c.  of  the  gas  was  transferred  very  slowly 
into  an  explosion  pipette  containing  a  known  volume  of  pure  oxygen. 

As  soon  as  a  bubble  of  the  gas  came  into  the  oxygen  a  sharp  explosion 
took  place  and  a  cloud  of  SiO^  was  produced.  This  continued  until  the 
whole  of  the  gas  was  transferred.  A  slight  black  deposit  formed  on  the  bulb, 
probably  due  to  a  small  amount  of  the  gas  being  decomposed  by  the  high 
temperature  of  the  explosion. 

The  diminution  in  volume  was  observed  and  the  residual  gas  sparked,  the 
volume  again  noted,  and  finally  the  gas  was  mixed  with  electrolytic  gas  and 
again  sparked. 

Knowing  the  volume  of  gas  used  and  the  contraction  after  explosion,  and 
assuming  that  the  gas  consisted  of  SiH^  and  H,  only,  the  amount  of  each  can 
be  calculated. 

To  illustrate  the  method  of  calculation  an  experiment  is  given  fully. 


2  grams  mixture  used. 

247-3  c.c,  gas  at  19°  C.  and  760  mm. 
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Analysis  of  gas  :  i4"5  c.c.  of  gas  used  and  passed  into  49-9  c.c.  of 

oxygen. 
Contraction  after  mixing  =  20  c.c. 
Further  loss  on  mixing  with  electrolytic  gas  ^  17. 
Total  loss  of  oxygen  =  7-4  c.c. 

Equation  representing  reaction  between  the  gases  and  oxygen  is — 

X  SiH,  +  jyH,  +  2.1-0.  +  -  O,  =  .v  SiO,  +  (zx  +  y)H^O, 

where  .r  and  y  are  volumes  of  SiH^  and  H2. 
.-.  .V+;'    =14-5 
and  (2  X  +  -^^  =    74 

.-.  .r  ^    o"i 
and  y  =:  i4'4 
The  total  loss  on  explosion  was  217  c.c. 
For  above  composition  should  be  21 -9  c.c. 

A  large  number  of  analyses  gave  the  same  result,  showing  the  gas  to 
consist  of  almost  pure  H  mixed  with  a  very  small  quantity  of  hydride  of 
silicon,  and  that,  moreover,  a  very  small  quantity  of  this  gas  is  sufficient 
to  inflame  the  hydrogen  when  mixed  with  air  or  oxygen. 

This  analysis  enables  the  percentage  of  free  Mg  to  be  found  ;  this  was  i2'27. 

The  action  of  the  gas  on  KOH  was  examined,  but  the  changes  in  volume 
were  too  small  to  be  measured,  showing  the  existence  of  traces  only  of 
gases  other  than  hydrogen. 

Estimation  of  Total  Silicon  in  the  Mixture. 

It  was  thought  possible  to  estimate  the  Si  and  SiO.  by  (a)  dissolving  in 
boiling  HCl  and  weighing  the  residue  left ;  (b)  dissolving  the  Si  in  KOH  and 
weighing  the  SiO.  left ;  (c)  fusing  with  KOH  and  estimating  the  total  silica. 

Concordant  results  could  not  be  obtained,  and  it  was  found  that  the  iinely 
divided  SiO.  dissolved  freely  in  both  HCl  and  KOH,  and  that  any  treatment 
to  render  SiO.  insoluble  would  also  convert  some  of  the  Si  into  SiO.. 

The  total  silicon  was  found  correctly  by  fusing  with  KOH,  &c.  ;  it  was 
always  necessary  to  evaporate  HCl  solutions  to  dryness  and  ignite,  as  the 
finely  divided  silica  readily  dissolved. 

Percentage  Si  found  =  22*124. 

Estimation  of  Free  Si. 
The  mixture  was  first  heated  with  concentrated  HCl  and  then  with  HF 
for  several  days.      The  residue  obtained  completely  combined  with  CI  gas, 
forming  SiCl4.     The   percentages   of   Si    found    by  this   method  were  con- 
cordant and  equalled  1275. 

Result  of  Analyses. 

1.  Percentage  of  free  Mg  =  I2'27 

2.  Percentage  of  free  Si    ^  1275 

3.  Percentage  of  total  Si   =  22'i24 

Hence  (22-124-1275)  =  9-374  per  cent,  of  Si  is  combined  as  SiO.,  SiO,  and 
sihcides. 

Chemical  Department,  the  Polytechnic, 
Regent  Street,  W. 


RELATIONS    BETWEEN    CRITICAL   TEMPERATURE. 

BOILING-POINT,   AND   EXPANSION    COEFFICIENT   OF 

PHOSPHORUS   PENTACHLORIDE. 

By    E.    B.    R.    PRIDEAUX,    M.A.,    B.Sc. 

{A  Paper  read  before  the  Faraday  Society  on  Tuesday,  May  31,  1910, 
Mr.  W.  Murray  Morrison  /;/  the  Chair.) 

During  a  recent  investigation  witli  the  thermal  expansion  of  liquid  PCI5 
the  critical  temperature  was  also  determined,  since  it  was  thought  that  a 
comparison  of  the  relations  between  critical  temperature,  boiling-point,  and 
expansion  with  the  corresponding  relations  for  other  compounds  might  have 
some  interest  in  view  of  the  dissociation  which  takes  place  in  PCL  vapour  at 
low  pressures  and  high  temperatures. 

The  method  of  determining  the  volumes  of  liquid  PCI-  has  been  already 
described.* 

The  expansion  measured  was  that  of  the  liquid  confined  under  the 
pressure  of  its  own  vapour  in  sealed  glass  tubes.  It  was  found  that  the 
orthobaric  volumes  could  be  expressed  by  the  formula — 

V<  =  V,6o  [i  +  0-00107  ('  —  160)], 
where  V,  is  the  volume  at  any  temperature  not  too  far  removed  from  the 
interval  160° — 190°  and  V160  the  volume  at   160°.     In  the  above-mentioned 
paper  it  was   shown  that  the   temperature  at  which  the  pressure  of    PCl- 
vapour  =  760  mm.  was  160  with  a  possible  error  of    1°. 

Critical  Teiiiperaiure. 

A  suitable  quantity  of  PCI5  which  had  been  previously  puritied  bv  re- 
distillation in  a  current  of  dry  chlorine  was  sealed  into  glass  tubes.  These 
were  hung  close  to  a  thermometer  in  a  gas-heated  air-bath  provided  with 
mica  windows.     The  temperature  was  raised  gradually,  and  readings  taken 


Experiment. 

Meniscus  Disappeared. 

Meniscus  Appeared. 

I 

370° 

2 

375 

3 

370 

3 

378 

376' 

4 

374 

371 

4 

374 

371 

Mean    373 

Mean     372 

both  with  rising  and  falling  temperatures.     Two  values  found  for  the  critical 
temperature  of  ethyl  alcohol  with  the  same  apparatus  were  249°  and  251''  C. 

*  Trans.  Chcni.  Sac.,  91,  1715  (1907). 
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The  critical  temperature  of  alcohol,  as  given  in  the  tables,  ranges  between 
234°  and  259°.  There  is  no  noticeable  change  in  the  pale  yellow  colour  of 
the  PClj  at  higher  temperatures,  and  the  appearance  and  disappearance  of 
the  meniscus  takes  place  in  the  usual  way. 

Each  of  the  experiments  tabulated  above  was  carried  out  with  a  different 
tube  and  a  fresh  quantity  of  PCI5. 

Relation  beiii'cen  Critical  Teiiipcrattirc  (T^-)  and  Boiling  Point  (Tj). 

It  was  first  pointed  out  by  Guldberg  *  that  the  ratio  T*/T^  for  all 
substances  is  approximately  constant  =  o'64.  A  survey  of  the  lists  of  this 
ratio  published  by  Heilbronnf  in  Landolt  and  Bornstein's  tables  and  the 
literature  generally  makes  it  clear  that  there  is  much  variation  from  the 
mean  value,  the  extremes  being  o'55  (N^O)  and  072  (acetal).  In  connection 
with  this  Young  states  |  that  in  any  homologous  series  the  ratios  increase 
with  rise  of  molecular  weight,  and  that  in  the  case  of  isomers  the  ratios 
decrease  in  passing  from  normal  to  secondary  and  secondary .  to  tertiar}' 
compounds. 

Since  the  boiling-point  rises  with  increase  of  molecular  weight  and  falls 
with  increase  of  number  of  side  chains  (for  isomers),  it  is  clear  that  in  these 
cases  the  ratio  T/,/T/,  will  increase  with  rise  of  boiling-point.  Quite  generally, 
also,  for  all  substances  the  ratio  does,  on  the  whole,  increase  with  rise  of 
boiling  points,  and  by  taking  this  fact  into  consideration  average  values  of 
the  ratio  can  be  calculated  for  particular  temperature  intervals,  which  will 
allow  of  the  prediction  of  T^.  with  a  greater  probable  accuracy  than  will  the 
total  average  ratio  o"64.  Since  individual  variations  from  the  mean  are  con- 
siderable it  is  of  no  advantage  to  choose  small  temperature  intervals. 

The  following  are  the  mean  values  of  T^,/T*  for  a  representative  and 
nearly  complete  collection  of  elements  and  compounds  for  which  experi- 
mentally determined  values  of  T^  are  available. 

1.  Boiling-point  below  273°  absolute,  twentv-five  substances.  Mean  value  : 

Fj^:=0'OI. 

2.  Boiling-point  273°  to  373°,  forty-six  substances.     Mean— 

^^  =  065. 

3.  Boiling-point  above  373"^,  twenty-three  substances.     Mean— 

-  ;t^=OOC>. 

In  the  case  of  PCI5 — 

'^^  =  f^_  =  o-67. 
i  -t      645 

This  is  to  be  compared  with  the  mean  ratio  for  substances  boiling  above  373^, 
i.e.,  of:8,  and  shows  that  dissociation  brings  about  no  abnormality  in  this 
relation. 

In    the  case  of   another  dissociating   substance,   N2O4,  ,tv  = -— ^  =  of>7, 

e>  1 ,4        444 

which  is  rather  high,  mean  value  for  group  i  above  being  o-6i. 

*  ZcHs   Pin-.  CIn-w.,  5,  374  (1890).  t  /^'•'^-  flO-'-  Cluw.,  vii.,  601-O13. 

J   Sloicliiciiniry,  p.  1S3. 
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Expansion  Modulus  and  Critical  Temperature. 
If  V,  D,  &c.,  are  the  specific  volumes  and  densities  of  a  liquid  at  tempera- 
tures T„  &c.,  tiien   it    was    shown    by    Mendelejeff-   that    tlie    moduhis   of 
expansion 

\:v\_  —  v/r, 
_    Di  -  p. 

~  D,T,  -  D,T,' 

is  constant  for  many  substances  over  a  wide  range  of  temperature. 

In  a  recent  paper  on  the  relations  between  various  physical  constants, 
Waldenf  finds  that  (i)  a  single  constant  k  expresses  accurately  the  expansion 
of  liquids  boiling  below  ioo°,  including  liquefied  gases,  notably  O2  and  No  ; 
(2)  a  single  constant  k  expresses  the  expansion  of  high  boiling  liquids  with 
an  accuracy  of  a  few  units  in  the  fourth  decimal  place  between  0°  and  50° 
and  often  over  a  much  larger  range.  It  was  further  proved  {loc.  cit.),  that  if 
H  -COOH,  CH3OH  •  CH.OH,  H3S04,and  other  liquids  known  to  be  associated 
are  excluded,  the  product  /cT^  is  constant  for  all  other  elements  and  com- 
pounds. 

In  the  following  table  are  values  of  /cT^as  tabulated  by  Walden,  together 
with  others  calculated  from  the  data  by  the  formula  mentioned  above,  the 
temperatures  being  expressed  on  the  absolute  scale.  The  relation  between 
k  calculated  from  degrees  absolute  and  degrees  Centigrade  is — 


kal..  = 


I    +    273/Ccenl 


k  calculated 

T*(abs.). 

Mociiilus. 

between 
T,°  -  T2. 

/;  X  Tk. 

QHe 

SS4° 

•00091 

273-319° 

•1^04  Walden 

N, 

127 

•00392 

68  —  89 

■498         . 

0, 

I. 55 

•00306 

68  —  89 

■474 

HBr 

364 

•00134 

182  —  204 

•488 

CHlc,n,\ 

807 

•00059 

327  —  426 

•476 

C.oHg 

741 

•000677 

400  —  450 

•501 

C6H5NH,  ... 

699 

•000687 

283  -  393 

•480 

n.CfiH,,     ... 

508 

•000953 

288  —  308 

•484         >. 

CS, 

553 

•00089 

273-323 

■494 

CCl, 

556 

•000916 

273  —  353 

■509 

PC13 

559 

•000894 

273  -  353 

•498 

Br 

575 

•00109 

273  -  333 

•482 

SiCl4 

503 

•0010 

273  —  333 

•503 

SnCl, 

519 

•000879 

273  -  383 

•520 

SO, 

430 

•001 16 

243  -  263 

•500 

Mean  =  ^494 

It  should  perhaps  be  pointed  out  here  that  the  relation  A:  x  T^  =  a  con- 
stant (A)  appears  to  be  the  same  as  that  discovered  by  Thorpe  and  Riicker,| 
i.e. — 

T,D.  -  T.D^ 


T,= 


A'(D,  -D,) 


Trans.  Chcm.  Soc,  45,  126  (1884).  f  ^-t-'Hs-  Tltys.  Clieni.,  Ixv.,  2,  158  (igo8). 

I   Trans.  Cliciii.  Soc,  45,  135  (1884). 
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where    D,,  &c.,  are   densities   at    temperatures   Ti,   &c.,  and   A'  is  another 
constant. 

The  expression  on  the  right  is  evidently  the  same  as  — rr,  where  k  is  the 

modulus  of  expansion  as  defined  above.     But — 

kT,  =  A. 

.'.  A  (Walden)  =:  — ,  (Thorpe  and  Riicker). 
A 

Thus,  taking  the  case  of  CeHjCl — 

k  (o°  —  132°  Cent.)  =  -000764 

T,.  =  634 
.'.  A  ^  -484  and  A'  =  2-065. 

The  mean  value  of  A'  found  for  twenty-four  substances  by  Tliorpe  and 
Riicker's  formula  is  1*974,  and  .'.  A  =  O'5o6  instead  of  0*49,  the  mean  value  for 
the  substances  tabulated  above.  The  difference  is  due  to  a  different  choice 
of  substances,  and  perhaps,  to  a  small  extent,  to  the  choice  of  a  different 
temperature  interval  for  the  calculation  of  "  k." 

" k"  for  PCI5,  calculated  from  the  expansion  between  160°  and  190°,  is — 

I  "032 1  —  I'OOO 

—  0-000713, 


463  X  1-032—433 

Ti  =  645  ;  kTi  =  0-46 


One   other  substance   showing   marked  dissociation   for  which   accurate 
values  of  T*,  T^,  and  k  are  available  is  N2O4  —  T*  :=  294-6. 
IfVato^    =1-000* 

„      21-6:=  1-03196 

.-.^^0-00103 

T^  =  444 
^T^  =  0-458. 
As  previously  mentioned,  Walden  has  excluded  associated  liquids  from 
his  tabulated  values  of  A: .  T^.     In  view  of  the  marked  deviation  in  the  case 
of  dissociated  liquids,  it  is  of  some  interest  to  tabulate  the  values  of  ^ .  T^  for 
substances  known  to  be  associated.     The  following  are  typical  : — 

H2O,  D  at  4°  =  i-oooo  ;  D  at  100°  ^  0-9584 — 

k  =  0-000387  ;  T^  =  638°. 

CH^-COOH,  V  at  0°  =  0-9348  ;  V  at  120°=  I-o682-- 
A=o-038I02;  T^  =  595.1 

CHfiH,  D  at  o^  =  0-8142  ;  D  at  65°  =  07476  |— 
A:  =  0-039367;  T^  =  5ii. 

CMsOH,  D  at  G°  =  0-8063  ;  D  at  131°  =  06796  §— 
A  =  0-0391  ;  T^  =  523. 

*  Thorpe,  Trans.  Chem.  Soc.  37  (i8«o). 

t  Ramsay  and  Young,  Trans.  Clicm.  Soc,  xlix.,  792. 

I  Beilstein.  §  Mendelejeff,  J.  F.  Prakt.  Clicni.  14,  20. 
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CHjCN,  k  (Cent.  =0-001334  -— 

k  (abs.)  =  0-03978  ;  T^  =  543. 
CM^CN,  k  (Cent.)  =0-00125— 

k  (abs.)  =  0-O3932  ;  T^  =  559. 
C(,HfN,  k  (Cent.)  =  0-O3847-  - 

k  (abs.)  =  0-O3688  ;  T^  =  699. 


Values 

of  kT, 

for  Abnormal  Liquids. 

Associated 

H,0 

0-247 

CH3CN      ... 

o"53i 

CH3COOH 

0-482 

CHjCN     ... 

0-521 

CH3OH      ... 

0-478 

CsHjCN     ... 

0-480 

C^HjOH     ... 

0-476 

Dissociated. 
N^O,  0-46  I  PCI5 0-46 

It  is  evident  that  such  typically  associated  liquids  as  the  alcohols  and 
fatty  acids  do  not  give  abnormal  values.  On  the  other  hand  the  product  for 
the  lower  nitrils  is  distinctly  high,  becoming  normal  again  as  the  molecular 
weight  of  the  hydrocarbon  radical  increases. 

So  far  as  the  evidence  goes  at  present,  then,  it  may  be  said  that  this 
relation  holds  with  an  accuracy  of  2  per  cent,  for  all  normal  substances 
considered  except  SnCl4  and  for  many  associated  liquids,  while  for  certain 
associated  liquids  the  value  tends  to  be  high,  and  for  dissociated  liquids 
is  low. 

*  Walden,  loc.  cit. 


NOTE   ON   THE   COMPOSITION   OF   EUTECTIC 
MIXTURES. 

By   CECIL    H.    DESCH,    D.Sc,    Ph.D. 

(-4  Paper  read  before  the  Faraday  Society,  Tuesday,  May  31,  1910, 
Mr.  W.  Murray  Morrison  in  tlie  Cliair.) 

During  the  passage  of  a  mixture  of  two  substances  from  the  Hquid  to  the 
soHd  state  the  temperature  either  decreases  progressively  or  remains  constant. 
The  latter  condition  may  present  itself  in  the  freezing  of  : — 

(a)  One  of  the  pure  components  ; 

(6)  A  definite  compound  of  the  components  ; 

(c)  A  solid  solution  occurring  at  a  maximum  or  minimum  on  the 
freezing-point  curve,  or  at  some  other  point  at  which  the  common 
tangent  to  the  liquidus  and  solidus  curves  is  parallel  to  the  axis  of 
concentration  ; 

{d)  A  eutectic  mixture. 

The  frequent  occurrence  of  the  last  case,  even  amongst  the  mixtures  first 
examined  by  early  workers  in  this  subject,  caused  eutectic  mixtures  to  be 
regarded  as  chemical  compounds.  The  constancy  of  freezing-point,  the 
absence  of  liquation,  and  the  apparent  homogeneity  of  the  solidified  mass 
are  all  tests  frequently  employed  to  determine  the  individuality  of  a  sub- 
stance. Hence  came  the  term  "  cryohydrate,"  applied  to  a  mixture  of  a  salt 
with  water  having  a  minimum  freezing-point.  Levol's  alloy  of  silver  and 
copper,  formerly  regarded  as  a  compound,  Ag3Cu2,  is  another  instance  of  a 
eutectic  mixture  assumed  to  be  homogeneous.  The  assignment  of  a  chemical 
formula  to  a  mixture  occupying  a  minimum  on  the  freezing-point  curve  is 
even  now  occasionally  met  with,  and  a  number  of  erroneous  formulas  have  in 
this  way  gained  entrance  to  chemical  literature.  In  the  case  of  cryohydrates 
the  ratio  of  water  to  salt  in  the  eutectic  mixture  is  usually  large,  and  it  is 
therefore  easy  to  find  a  formula,  containing  whole  numbers  of  molecules, 
which  will  express  the  composition  with  sufficient  accuracy.  Even  in  alloys 
and  mixtures  of  salts  or  organic  compounds  the  approximation  to  a  simple 
formula  is  often  remarkably  close,  although  such  cases  are  generally  regarded 
as  simple  coincidences. 

The  present  paper  is  an  examination  and  discussion  of  certain  relations 
which  have  been  put  forward  as  existing  between  the  molecular  composition 
and  freezing-point  of  eutectic  mixtures  and  the  molecular  weights  and 
freezing-points  of  their  components. 

The  direct  application  of  the  laws  of  depression  of  freezing-point  in  dilute 
solutions  to  eutectic  mixtures  is  not  legitimate,  as  the  assumptions  which 
underlie  those  laws  are  valid  only  over  a  small  range  of  concentration.  We 
occasionally  find,  however,  that  the  molecular  depression  remains  sensibly 
constant  throughout  the  entire  range,  so  that  the  freezing-point  curve,  drawn 
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with  molecular  concentrations  as  abscissne,  consists  of  two  straight  lines.     A 
few  examples  are  collected  in  Table  I. 

Table  I. 


System. 


Observer. 


Gold-thallium 

Sodium  nitrate-lithium  nitrate 

Sodium  nitrate-thallium  nitrate 

Cadmium  chloride-cadmium  iodide 

Phenol-diphenylamine 

Ethylene  bromide-acetic  acid 


M.  Levin,  Zeilsch.  niiorg.  Chcm..  1905.  45,  31. 
H.  R.  Carveth,  J.  Physical  Client..  1898,  2,  2og. 
C.  van  Eyk,  Zcitsch.  f'hysikal.  Chcm..  1890,  5,  451 

1893.  II,  328. 
R.  Xacken,  Centr.  Min.,  1907,  301. 
J.  C.  Philip,  Trans.  Chem.  Soc,  1903,  83,  814. 
A.  Dahms,  .tIu;i.  Pliysik.,  1895  [ii.],  54,  486. 


By  adopting  a  modified  method  of  expressing  the  depression  of  freezing- 
point  in  concentrated  solutions,  F.  Flawitzky  '■'  has  obtained  a  rule  which  may 
be  applied  in  certain  cases  to  predict  the  composition  of  the  eutectic  mixture. 
If  Mo  and  M,  are  the  molecular  weights  of  the  components,  /„  and  t^  their 
freezing-points,  1^  the  freezing-point  of  the  eutectic,  we  may  write  the  total 
depressions  4  —  /2  =  Toand  /,  —  /2  =  Ti,  and  the  composition  of  the  eutectic 
may  be  expressed  by  the  formula — 

M,  -t-  «oMo 
or 

Mo  +  uM. 

v^here  ;jo  and  «,  are  the  numbers  of  molecules,  and  ii,^=.     .     Evidently  ??„  is 

"o 

the  ratio  of  the  molecular  percentages  of  the  components. 

Flawitzky  finds  that  for  a  large  number  of  binary  mixtures  the  two 
depressions  thus  calculated  are  equal,  so  that — 

//oMoTo  =  «xM.T.. 
Remembering  that  ;/,  =  ijiio,  we  have — 


from  which — 


WoMoTo  =  M.T 


».,  =  v/ 


M/l\ 

MoTo" 


This  enables  us  to  calculate  the  molecular  ratio  of  the  two  components  in  the 
eutectic  mixture.  In  Table  II.  a  few  of  the  results  obtained  by  Flawitzky  are 
reproduced,  and  some  further  tests  of  the  method  are  given  in  Table  III.,  the 
sources  of  the  data  employed  being  given  in  the  last  column.  In  the  case  of 
metallic  alloys,  the  molecular  weights  of  the  metals  are  taken  as  being  equal 
to  their  atomic  weights. 

Table  II. 


System. 

Mo. 

Ml. 

To.               T,. 

Ho  calc. 

)!o  found. 

Water-acetic  acid         

Water-formic  acid        

Mercuric        bromide-mercuric 

iodide 

Thallium-thallium  mercuride... 
Thallium-cadmium       

18 
18 

360 
204 
204 

60 
46 

454 
604 
1 12-4 

27 
50-9 

20-4 

II-5 
98-2 

437 
59-3 

39-0 
298 
117-5 

2-324 
1-725 

1-559 

2-96 

2-567 

2-334 

1-846 

1-439 

3-00 

2-67 

*  J.  Ritss.  Phys.  Chcm.  Soc,  1905,  37,  862  ;  BjiH.  Soc.  cliiin.,  1906  [iii.],  35,  478. 
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The  agreement  between  the  observed  and  calculated  vahies  of  «o  is  fre- 
quently imperfect,  and  in  many  cases  the  eutectic  composition  thus  predicted 
differs  very  widely  from  that  determined  experimentally.  Flawitzky  has 
sought  to  explain  the  deviations  by  assuming  association  of  one  or  both  the 
components  in  solution,  the  formula  becoming — 


if  p  and  q  are  the  factors  of  association  of  the  molecules  Mo  and  Mi  respec- 
tively. By  assuming  arbitrary  values  for  the  association,  he  obtains  some 
show  of  agreement  with  the  observed  values  of  «o  in  a  number  of  cases,  but 
such  a  procedure  is  entirely  unjustified,  and  the  theoretical  conclusions  as  to 
association  in  binary  mixtures  which  Flawitzky  draws  from  his  results  are 
not-  in  accordance  with  what  is  known  as  to  the  molecular  weights  of  the 
substances  in  question. 

When  the  eutectic  point  lies  near  to  one  end  of  the  diagram,  that  is,  when 
ito  is  2*5  or  more,  Flawitzky's  rule  breaks  down  altogether. 

It  has  been  shown  by  I.  Schroder*  and  H.  Le  Chatelier  f  that  an  expres- 
sion for  the  whole  of  a  branch  of  a  freezing-point  curve  may  be  obtained  by 
making  the  assumption  that  the  heat  of  fusion  of  either  component  is  un- 
affected by  the  presence  of  the  other.  The  expression  in  its  simplest  form, 
if  T  is  the  freezing-point  of  a  mixture,  T^  that  of  the  pure  component,  and  .r 
the  concentration  of  that  component  in  the  mixture,  that  is,  its  molecular 
percentage  -^  100,  is  : — 

T„ 


T  = 


2'l'o  , 

,-ylog.V 


The  application  of  this  formula  to  the  prediction  of  the  form  of  freezing- 
point  curves  has  been  very  fully  discussed  by  Roozeboom,  ;  and  the  principal 
causes  of  the  experimental  deviations  from  that  form  have  been  explained. 
A  discussion  of  metallic  alloys  from  this  standpoint  by  D.  Mazzotto  §  has 
shown  that  the  introduction  of  two  corrections  brings  about  a  very  close 
correspondence  between  the  theoretical  and  the  experimental  curves.  One 
of  these  depends  on  the  heat  developed  or  absorbed  on  mixing  the  two  fused 
substances,  and  the  other  on  the  degree  of  polymerisation  of  the  components 
in  the  fused  mixture.  Both  of  these  magnitudes  are  assumed  to  be  zero  in 
the  simplified  formula  given  above. 

The  correction  for  the  heat  of  mixture  consists  in  multiplying  the  expres- 
sion for  T  by  van  Laar's  factor,  i  +  r.-     A  is  derived  from  the  constants  in  van 

der  Waals'  equation,  but  this  theoretical  derivation  is  incapable  of  application, 
and  it  is  necessary  to  determine  A  experimentally  by  direct  measurement  of 
the  heat  of  mixture.  This  has  been  performed  for  a  small  number  of  pairs 
of  metals  by  W.  Spring  ||  and  D.  Mazzotto,ir  with  the  result  that  the  mixing 
in  the  liquid  state  of  tin  with  lead,  zinc,  bismuth,  or  mercury,  or  of  lead  with 
mercury,  is  accompanied  by  absorption  of  heat,  whilst  lead  and    bismuth 

*  Zcitsch.  physikal.  Cliciii.,  1893,  11,  449. 

t  Compt.  rend.,  1894,  118,  638. 

I  Hctcrogene  Gleicligncnclitc,  vol.  2,  §  4,  v. 
I      -  z.^i'^'V'^  ^""■'  ^907lv.],  13,  80  ;  1908  [v.],  15,  401.     See  alt^o  J.  J.  van  Laar,  Pivc. 
k.  Akaci.  Wctcusch.  Amsterdam,  1903,  5,  424  ;  6,  21. 

I!  Bull.  Acad,    c  .  roy.  Belg.,  1886  [iii.],  11,  355. 

^I  Rend.  Inst.  Lombard/,  1888  [ii.],  i8,  165  ;  Mem.  Inst.  Lomhardi,  1891,  16,  i. 
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develop  heat  on  mixing.  The  fact  that  a  lowering  of  temperature  could  be 
produced  by  mixing  two  amalgams  had  been  observed  as  early  as  1824.- 
Other  data  for  the  application  of  this  correction  are  so  far  lacking,  and  the 
experimental  difficulties  in  the  case  of  metals  of  high  melting-point  are 
evidently  very  considerable.  Mixtures  of  organic  substances,  however,  afford 
a  better  field  for  measurements  of  this  kind. 

If  polymerisation  of  the  molecules  takes  place,  it  is  necessary  to  replace 
.V  by  Xi,  where — 


nx  +  I  —  x' 


n  being  the  factor  of  polymerisation.  The  latter  number  may  be  determined 
from  the  initial  portions  of  the  freezing-point  curves,  that  is,  from  measure- 
ments of  the  depression  of  freezing-point  in  dilute  solutions.  In  the  case  of 
alloys,  closely  grouped  measurements,  of  a  very  high  degree  of  accuracv, 
have  been  made  by  Heycock  and  Neville,f  and  their  data  were  employed  by 
Mazzotto. 

If  we  write  Ai  for  the  value  assumed   by  ^  when  x  is  replaced  by  .r,,  the 
full  expression  becomes — 


^^  To  {     .   ^ 


in  which  form  it  can  be  applied  for  the  construction  of  theoretical  curves.  It 
fails,  however,  to  give  results  coinciding  closely  with  those  obtained  experi- 
mentally if  either  compounds  or  solid  solutions  are  formed  by  the  com- 
ponents, and  this  point  is  of  importance  when  the  attempt  is  made  to 
determine  the  eutectic  point  from  the  intersection  of  two  such  theoretical 
curves. 

In  a  single  instance  the  application  of  the  simpler  formula  of  Le  Chatelier 
leads  to  a  freezing-point  diagram  coinciding  very  closely  with  the  real  one,  in 
spite  of  the  fact  that  solid  solutions  are  formed  to  a  limited  extent.  This  is  in 
the  system  copper-silver,  studied  by  Heycock  and  Neville,  X  ^.nd  it  is  uncer- 
tain how  far  this  may  be  regarded  as  typical.  The  application  of  the  formula 
for  the  ideal  curve  evidently  demands  a  previous  knowledge  of  the  thermal 
behaviour  of  the  components,  so  that  it  is  of  little  value  for  the  prediction  of 
eutectic  points,  but  may  be  employed  in  the  study  of  the  molecular  condition 
in  solution. 

The  discovery  of  a  regularity  in  the  composition  of  eutectic  mixtures  in 
series  in  which  compounds  are  formed  was  announced  by  A.  Gorboff  in  a 
communication  to  Section  lib.  of  the  International  Congress  of  Applied 
Chemistry  in  1909,  and  the  paper  has  since  been  published. §  Gorboff's  rule 
applies  only  to  eutectics  one  constituent  phase  of  which  is  a  compound 
melting  without  previous  decomposition,  and  therefore  indicated  by  a  maxi- 
mum in  the  freezing-point  curve.  From  the  examination  of  a  number  of 
such  mixtures,  the  conclusion  is  drawn  that  the  two  constituent  phases  of  the 
eutectic  are  present  in  such  quantities  that  one  component  is  equally  dis- 
tributed between  them.  For  example,  the  freezing-point  curve  of  mixtures 
of  nitric  acid  and  water  |1  has  two  maxima,  corresponding  with  the  two 
hydrates    HN03,3H,0   and    HNOj.H.O.      The    eutectic    formed    by   these 

*  J.  W.  Dpbereiner,  Schwcigg.  J.,  1824,  42,  182. 

t  Trans.  Client.  Soc,  1889-97. 

J  Pliil.  Trans.,  1897,  189A,  25. 

S  T.  Rnss.  Phys.  Chem.  Soc,  1909,  41,  1241. 

II  F.  W.  Kiister  and  R.  Kremann,  Zcitsch.  anorg.  Chan.,  J904,  41,  i. 
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hydrates  has  the  composition  4HN03,6H,0,  or  HN03,3H20  +  3(HN03,HjO),' 
the  water  being  equally  distributed  between  the  two  solid  phases.  In 
general,  if  two  components,  A  and  B,  form  the  compounds  AB.v  and  AB^,  the 
eutectic  mixture  of  A  and  AB.^  has  the  composition  A  +  AB^.,  or  A^B;^,  and 
that  of  the  two  compounds,  if  B  is  the  component  which  is  equally  dis- 
tributed, has  the  composition  3'AB.^  +  .rAB^,  or  AA-1-.vB2.ry.  In  solutions  of 
acids  or  salts  in  water,  it  is  the  water  which  is  thus  equally  distributed 
between  the  two  phases  in  the  eutectics  or  cryohydrates,  whilst  in  alloys 
it  is  the  more  electropositive  metal. 

Thus  in  the  system  sulphur  trioxide-water,  the  hydrates  formed  have  the 
formuL-e  803,5 H,0  ;  803,3 H,0  5  803,2 H,0  ;  803,H,0  ;  and  2803,H.O. 
The  eutectics  or  cryohydrates  correspond  very  closely  in  composition  with 
the  formulas  :  ■■' 

803,ioHA  or  5H,0  +  803,5H30 

7S03,2oH,0,  or  2(803,5H,0)  +  5(803,2 H,0)  f 
5S03,i2H,0,  or  2(S03,3H,0)  +  3(S03,2H30) 

3S03,4HA  or       803,2H30  +  2(803336) 

3803,2HA  or         803,H,0  +  2803,H,0 
3S03,H,0,  or      2S03,H,0  +  8O3 
the  water  being  equally  distributed  between  the  two    solid  phases  in  each 
case,  with  the  exception  of  the  last. 

In  Table  IV.  Gorboff's  rule  is  tested  by  application  to  a  number  of 
eutectic  mixtures,  principally  of  a  metallic  character.  Examples  which  have 
appeared  in  Gorboff's  paper  are  marked  with  a  =■'.  The  discrepancies  are 
sometimes  considerable,  but  a  good  agreement  is  obtained  in  many  cases,, 
and  the  rule  ma}'  prove  of  some  value  in  predicting  the  form  of  the  freezing- 
point  diagram.  In  one  instance,  that  of  the  alloys  of  sodium  and  cadmium, 
the  rule  affords  a  means  of  deciding  between  the  different  results  obtained 
in  two  investigations.  Whilst  Kurnakoff  and  Kusnetzoff  [loc.  cit.,  Table  IV.) 
found  a  compound  having  the  formula  NaCde,  Mathewson  |  obtained  results 
pointing  to  NaCdg  as  the  composition  of  the  compound.  Gorboff  remarks 
that  the  eutectic,  having  a  composition  approaching  very  closely  to  NaCdij,. 
or  NaCde  +  6Cd,  the  evidence  for  the  first  of  these  formulas  is  strengthened. 
The  agreement  is  not  good  in  the  case  of  most  mixtures  of  organic  sub- 
stances, although  an  examination  of  the  mixtures  studied  by  Philip  {loc.  cit.y 
Table  IV.)  suggests  that  the  more  basic  substance  is  distributed  almost 
equally  between  the  two  phases  present  in  the  eutectic. 

There  is  no  obvious  theoretical  reason  why  such  a  rule  should  prevail, 
and  some  of  Gorboff's  statements,  as,  for  example,  that  the  space-lattices  of 
substances  crystallising  together  to  form  a  eutectic  must  be  identical  or  at 
least  similar,  are  certainly  erroneous.  As  an  empirical  rule,  however,  this 
relation  may  prove  to  be  of  assistance  in  determining  the  equilibrium  of 
binary  systems. 

Metallurgical  Department, 

University  of  Glasgow. 


*  Landolt-Bornstcin  TabclUii,  3rd  edn.,  p.  567. 

t  This  eutectic  is  obtained    when   the  formation  of   the    hydrate  S03,3H,0   is 
suppressed  by  undercooling. 

I  Zeitsch.  aitorg.  Clieiii.,  1906.  50,  171. 


THE   DIGBY-BIGGS   COxVDUCTIVlTY   TUBE. 

A  PORTABLE  APPARATUS  FOR  THE  RAPID  DETERMINA- 
TION OF  THE  CONDUCTIVITY  OF  WATER  AND  SALINE 
SOLUTIONS. 

(Exhibited  before    tlic  Faraday  Society  on   Tuesday,   May  31,   1910,   by  Mr.    F.   E. 
Pollard,  F.I.C.  ;  Mr.  W.  Murray  Morrison  in  the  Chair.) 

The  methods  usually  employed  for  ascertaining  the  conductivity  or  the 
resistance  of  liquids  necessitate  the  use  of  delicate  apparatus,  involve  calcula- 
tions, and  can  only  be  carried  out  satisfactorily  in  the  laboratory. 

The  apparatus  devised  by  Mr.  W.  Pollard  Digby  and  Mr.  C.  W.  V.  Biggs 
is  portable,  can  be  used  in  the  boiler-house  or  in  the  open  air  as  well  as 
in  the  physical  laboratory,  and  the  "conductance  meter" — which  is  simply 
a  megger  furnished  with  a  scale  graduated  in  reciprocal  megohms — gives 
direct  readings  of  one-tenth  of  the  specific  conductivity. 

This  apparatus  consists  of  a  glass  U-tube  having  a  sectional  area  of  one- 
tenth  the  distance  between  its  annular  platinum  electrodes,  the  form  and 
arrangement  of  which  are  designed  to  minimise  the  effects  of  polarisation 
and  similar  difficulties.  The  inlet  from  tlie  filling-funnel  is  at  the  Idwest  part 
of  the  bend,  as  also  is  the  outlet  for  emptying  the  contents  of  the  tube  ; 
whilst  near  the  extremities  and  above  the  electrodes  overflow  tubes  are 
attached  to  permit  a  constant  flow  of  liquid  through  the  tube.  The  limbs 
are  closed  by  brass  covers  connected  to  the  terminal  screws,  and  through 
these  covers  pass  stout  glass-covered  brass  rods  from  which  the  electrodes 
are  suspended  by  platinum  wires,  and  the  whole  arrangement  is  mounted 
on  a  strong  wooden  stand  carrying  a  thermometer. 

The  tube  having  been  filled  with  the  water  or  other  liquid,  and  the  tem- 
perature noted,  the  twin  lead  from  the  conductance  meter  is  joined  up  to  the 
terminals,  the  handle  of  the  generator  is  turned,  and  a  reading  is  obtained 
in  a  few  seconds. 

For  solutions  containing  not  more  than  i  per  cent,  of  dissolved  saline 
matter  the  correction  for  variation  of  temperature  between  5°  C,  and 
38"  C.  is  approximately  2-19  per  cent,  per  1°  C.  At  higher  temperatures 
the  accuracy  of  the  correction  is  impaired  by  evolution  of  dissolved  gases 
and  by  other  complications. 

It  is  well  known  that  very  small  proportions  of  impurities  in  distilled 
water  cause  considerable  alterations  in  the  conductivity,  e.g.,  Ganot's 
Physics,  tenth  edition,  states  that  "  standing  in  the  air  for  five  hours  doubles 
it ;  the  addition  of  a  millionth  part  of  sulphuric  acid — that  is,  a  drop  in  about 
seventeen  gallons — increases  the  conductivity  tenfold." 

The  following  table  shows  the  specific  conductances  of  extremely  dilute 
solutions  of   sodium  chloride,  sodium  carbonate,  and  calcium  sulphate   as 
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determined  with    an   earlier  pattern  of    tube  at    temperatures   from    i8°   to 


Parts  per  Million, 
(in  Aq.  dest.) 

NaCl. 

XaXOj. 

CaS04. 

O 

I 

^•5  II 

2-86  1 

^•86^ 

I 

6-6 

572 

6-9 

2 

10-4 

6-66 

«-33 

4 

15-4 

9'52 

12-83 

lO 

28-6 

17-25 

21-3 

20 

47-6 

30-3 

34'5 

50 

III"2 

69-0 

74-1 

West  London  tap  water  contains  about  18-5  grains  per  gallon,  or  about 
26-5  parts  per  100,000,  of  total  solids,  and  its  specific  conductivity  varies  from 
355  to  400  reciprocal  megohms,  being  generally  about  380  or  390 ;  yet  the 
addition  of  so  slight  a  quantity  as  o'l  per  cent,  of  this  water  to  good  distilled 
water  raises  the  conductance  very  perceptibly.  The  results  given  below 
were  obtained  from  mixtures  of  West  London  tap  water  with  distilled  water 
having  a  conductivity  of  2-5  reciprocal  megohms  at  20°  C.  : — 


Percentage  of  tap  water 
Conductance  l-) 


o      0-05     o-i     0-2     0-5     0-75     I'O 
2-5    3'o      3'5    4'2    7'i     8-3      9-3 


The  I  per  cent,  mixture  contained  about  2-65  parts  of  dissolved  saline 
matter  per  million. 

For  many  purposes — particularly  in  the  operation  of  steam  plant — it  is  a 
matter  of  importance  that  variation  in  the  water  supply  in  respect  of  the 
quantity  of  dissolved  saline  matter  should  be  detected.  A  slight  leak  in  a 
surface  condenser  will  cause  cumulative  addition  of  dissolved  solids  to  the 
boiler  water  which  may  remain  undiscovered  until  priming  occurs  ;  but  the 
conductivity  tube  constitutes  a  means  of  checking  this  at  a  much  earlier 
stage — long  before  the  use  of  a  salinometer  would  be  possible.  By  testing 
the  hot-well  water  under  suitable  conditions  of  load,  priming  is  readily  dis- 
tinguished from  condenser  leakage  ;  and  the  extent  of  either  is  definitely 
ascertained  by  comparison  of  the  hot-well  samples  with  mixtures  of  varying 
proportions  of  the  boiler  water  and  distilled  water. 

The  conductivity  tube  affords  a  convenient  and  efficient  control  in  the 
Clarke  process  of  softening  hard  water.  As  the  lime  is  added  the  conductance 
diminishes,  reaching  a  minimum  when  just  sufficient  calcium  hydrate  has  been 
used,  and  rises  again  with  excess. 

In  the  working  of  oil  eliminating  plants  in  which  chemicals  are  used,  the 
conductance  tester  serves  as  a  safeguard  against  the  accidental  or  wilful 
employment  of  too  great  quantities  of  saline  substances  and  consequent  con- 
tamination of  the  boiler  feed  water  ;  and  in  numerous  operations  this  apparatus 
provides  the  engineer  and  others  with  simple,  rapid,  and  accurate  means  of 
control. 

Neither  the  discovery  of  the  conductivity  tube  nor  of  any  new  law  relating 
to  the  properties  of  solutions  is  claimed,  but  merely  the  devising  of  a  form  of 
tube  suitable  for  use  in  the  ordinary  routine  of  engineering  work  as  well  as 
for  scientific  investigations.     Fig.  i  is  a  sketch  of  the  tube. 
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APPARATUS   FOR   THE    DETERMINATION    OF   THE   SPECIFIC 
RESISTANCE   OF   OIL. 

This  apparatus  consists  primarily  of  two  metal  discs  of  even  surface,  each 
having  an  area  of  loo  sq.  cm,,  arranged  perfectly  parallel  to,  but  insulated 
from  one  another.  The  distance  between  these  is  regulated  by  a  micrometer 
head  on  the  spindle  of  the  instrument,  which  spindle  is  hollow  and  of  an 
insulating  material  such  as  ebonite.  Through  the  spindle  is  carried  the  lead 
of  the  bottom  plate,  a  separate  connection  being  taken  to  the  top  plate. 
A  suitable  quantit)'  of  oil  having  been  placed  in  a  flat  glass  dish,  the  test 
plates  are  opened  to  a  distance  of,  say,  loo  mils,  and  are  then  immersed  in 
the  oil,  care  being  taken  to  avoid  the  presence  of  any  air  bubbles  or  foreign 
matter  between  the  plates.  The  leads  are  connected  to  a  megger  or  other 
form  of  ohm-meter.  The  handle  operating  the  generator  of  the  megger  is 
then  turned  and  the  reading  noted.  Successive  readings  are  also  taken  at 
gradually  reduced  distances  between  the  plates  until  the  megger  needle 
oscillates  instead  of  giving  a  steady  reading  or  until  sparking  takes  place, 
when  the  series  of  readings  is  discontinued.  By  reason  of  the  fact  that 
a  series  of  such  readings,  if  plotted,  gives  a  curve  of  hyperbolic  shape  instead 
of  a  straight  line  (this  resembling  the  curve  showing  the  relation  between 
pressure  and  distance  upon  dielectric  test  of  such  oil),  the  mean  specific 
resistance  is  calculated  as  the  mean  of  a  series  of  readings.  The  readings 
must  always  be  taken  in  a  descending  order  of  value  for  insulation  and  of 
thickness  of  the  film  of  oil,  as  when  once  sparking  takes  place  the  specific 
resistance  of  the  oil  is  altered  and  lower  values  result.  The  specific  resistance 
per  cubic  centimetre  for  any  given  distance  then  equals  : 

observed  resistance  x  area  of  plates  in  sq.  cm.  x  3Q37 
distance  between  plates  in  mils. 

With  a  megger  having  a  range  of  i,ooo  megohms  at  500  volts  a  really 
first-class  oil  for  switch  or  transformer  use  has  a  specific  resistance  well  over 
6,500,000  megohms.  In  fact,  several  samples  recently  examined  gave  readings 
at,  or  close  to,  "  infinity,"  down  to  a  distance  of  about  7  mils. 

The  variation  of  specific  resistance  with  temperature  depends  upon  the 
grade  of  the  oil  ;  and  it  is  desirable  that  the  determination  should  always  be 
carried  out  at  a  definite  temperature,  such  as  60°  F. 

Fig.  2  is  a  half-sectional  drawing  of  the  apparatus. 


DISCUSSION. 

Dr.  J.  A.  Harker  asked  whether  the  current  used  was  direct  or  pulsating. 
^Was  the  glass  tube  made  of  special  insoluble  glass  which  would  not  give  an 
artificial  conductivity  to  the  liquid  under  treatment  ? 

Dr.  T.  M.  Lowry  said  that  contamination  by  glass  was  a  much  over- 
rated evil,  and  in  practice  was  far  less  serious  than  contamination  by  air. 

Mr.  J.  "W.  Hinchley  asked  whether  the  apparatus  would  detect  differ- 
ences in  various  grades  of  distilled  water,  for  instance,  whether  it  contained 
ammonia  or  not. 

Dr.  G.  Senter  said  that  the  temperature  co-efficient  of  the  conductivity 
•of  distilled  water  obtained  by  the  authors,  2-9  per  cent,  per  degree,  was  very 
close  to  the  average  temperature  co-efficient  for  salt-solutions,  which  showed 
that  the  method,  although  meant  primarily  for  commercial  purposes,  was  a 
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very  accurate  one.  There  is  other  evidence  that  the  conductivity  of  good 
distilled  water  is  due  mainly  to  the  presence  of  traces  of  dissolved  salts  (for 
example,  ammonium  carbonate)  ;  the  average  temperature-coefficient  of  the 
conductivity  of  free  acids  is  considerably  lower  than  the  above  value. 

Dr.  H.  Boms  :  Do  I  understand  Mr.  Pollard  to  say  that  he  has  found 
practically  unaltered  the  conductivity  values  in  his  glass-tube  apparatus  after 
two  years  of  use  ?     There  might  be  accumulative  effects. 

Dr.  N.  T.  M.  Wilsmore  congratulated  Messrs.  Biggs  and  Digby  on 
having  devised  a  very  neat  modification  of  an  old  method  for  measuring 
conductivities  of  liquids  by  means  of  direct  current.  In  this  method  the 
polarisation  was  in  a  sense  swamped  by  the  use  of  a  high  e.m.f.  combined 
with  a  cell  of  large  "  resistance  capacity."  Thus  in  the  experiments  described 
by  the  authors,  where  the  working  e.m.f.  was  about  250  volts,  the  polarisa- 
tion at  the  electrodes  would  not  amount  to  more  than  about  2*5  volts.  In 
absolute  measurements  the  error  due  to  polarisation  would  therefore  be  only 
about  I  per  cent.,  while  in  purely  comparative  measurements  it  would  be 
much  less. 

Mr.  F.  E.  Pollard,  replying  for  the  authors,  said  that  the  tube  was  not 
made  of  special  glass,  though  the  glass  from  which  it  was  composed  was  very 
carefully  selected.  The  current  used  was  direct.  He  quite  agreed  with  Dr. 
Lowry  that  the  contamination  by  glass  was  much  over-rated.  He  had  kept 
samples  of  distilled  water  in  ordinary  Winchesters  for  many  weeks  without 
the  slightest  alteration  in  conductivity.  The  conductivity  tube  would  afford 
a  ready  means  of  detecting  whether  ammonia  or  any  substance  similar  in 
conductivity  were  present  in  distilled  water,  though  it  would  not,  of  course, 
distinguish  between  the  substances 

In  answer  to  Dr.  Borns,  he  had  found  the  values  given  by  the  tube  to  be 
practically  constant.  The  washing  of  the  tube  was,  of  course,  very  carefully 
attended  to  every  time  it  was  used. 


STUDIES    IN    THE    ELECTROMETALLURGY    OF    FERRO- 
ALLOYS AND   STEEL. 

Bv  PAUL   GIROD. 

{A   Paper  read  before  the  Faraday  Society,  Tuesday,  Jiiiic  2i,  1910, 
Dr.  F.  MoLLWo  Perkin,  Treasurer,  in  the  Cliair.) 

As  you  have  done  me  the  honour  to  ask  me  for  an  account  of  the 
researches  which  I  have  carried  out  at  Ugine  on  the  electrical  manufacture 
of  steel,  I  must  excuse  myself  first  for  being  so  long  in  replying  to  your  kind 
invitation,  and  also  for  dealing  almost  entirely  with  my  own  work,  for  so 
many  works  on  general  electrometallurgy  of  iron  and  steel  are  now  published, 
that  I  should  not  know  how  to  approach  such  a  subject  without  repeating 
things  that  you  already  know  and  without  entering  into  polemics  with  other 
inventors  of  electric  furnaces.     Such  is  not  my  intention. 

It  was  in  1898  that  I  studied,  and  put  into  industrial  operation,  the 
manufacture  of  alloys  for  the  improvement  of  steel,  particularly  ferro- 
venadium,  ferro-molybdenum,  ferro-chromium,  ferro-manganese,  &c. 

At  the  beginning  of  1899  I  opened  at  Albertville,  Savoy,  a  small  works  with 
a  capacity  of  50  h.p.,  while  in  the  same  year  was  commenced  the  construc- 
tion of  those  works  which  afterwards  took  the  name  of  the  Electro-Metallur- 
gical Works  of  Albertville,  and  which  had  a  capacity  of  from  1,000  to  i,25oh.p., 
made  up  of  five  furnaces  with  a  capacity  of  200  to  250  h.p.  each.  It  is  highly 
probable  that  the  furnaces  were  the  first  technical  oscillating  furnaces. 
They  were  in  fact  the  prototype  of  the  industrial  steel  furnace,  their 
simplicity  permitting  from  the  f^rst  an  extreme  regularity  of  production, 
an  advantage  which  had  led  to  the  industrial  success  of  my  company. 

The  first  years  of  the  existence  of  the  Albertville  Works  were  very  trying, 
both  from  a  commercial  and  from  a  financial  point  of  view.  The  use  of 
rare  ferro-alloys  in  metallurgy  was  then  but  slightly  developed  and  met  with 
great  opposition.  It  was  not  until  1902  that  the  undertaking  suddenly 
became  important,  necessitating  in  the  spring  of  1903  the  construction  of 
new  works  at  Courtepin,  in  Switzerland.  These  works  were  supplied  with  a 
3-phase  current  of  32,000  volts,  which  was  transformed  first  to  10,000  volts, 
and  then  supplied  at  a  convenient  pressure  direct  to  the  furnaces,  that  is  to 
say,  a  voltage  which  varied  from  50  to  75  volts,  according  to  make  and  power 
of  the  furnace.  The  Courtepin  Works  to-day  require  an  average  of  3,000  h.p., 
and  are  specially  employed  in  the  manufacture  of  25  to  30,  50,  75  and 
90  per  cent,  ferro-silicon.  The  technical  development  which  began  in 
1902,  and  which  rapidly  increased  during  1903,  obliged  me  to  give  up  the 
personal  supervision  of  the  operations,  and,  with  the  help  of  some  friends, 
I  therefore  founded  in  June,  1903,  the  Societe  Anonyme  Electrometal- 
lurgique  Precedes  Paul  Girod,  the  capital  being  at  first  1,800,000  fr., 
which  was  afterwards  increased  by  successive  amounts  to  10,000,000  fr. 
in  shares  and  5,000,000  fr.  in  bonds.  Immediately  following  the 
formation    of  my  Company    the     construction    of  the    Ugine   Works    was 
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commenced.  Owing  to  the  concentration  at  this  point  of  all  the  forces 
we  had  in  Savoy,  these  works  became  the  most  important  of  those 
owned  by  the  Company,  and  it  is  at  Ugine  that  we  have  constructed  the  new 
steel  works  of  which  we  shall  say  more  later.  The  Girod  Works  have 
always  been  among  the  most  important  in  the  alloy  industry,  and  that  is 
why,  although  studying  the  electrical  manufacture  of  steel,  my  business 
occupations  connected  with  the  alloys  did  not  permit  me  to  carry  my 
researches   on  the    preparation  of  steel    to  completion  until  the  year  1904. 

I  give  below  a  short  description  of  the  principal  alloys  manufactured  by 
the  Girod  process  at  the  works  of  the  Company,  and  shall  deal  finally  with 
the  electrical  manufacture  of  steel. 

Ferro-Vanadium. — This  was  the  first  alloy  studied  by  me  at  the  conclusion 
of  some  researches  on  steels  containing  traces  of  vanadium.  This  alloy, 
whose  advantages  have  long  been  discussed,  is  now  employed  almost  entirely 
in  the  manufacture  of  rapid  tool  steels  with  great  cutting  powers. 

We  manufacture  two  forms  of  ferro-vanadium  ;  the  alloy  rich  in  vanadium 
has  the  following  composition  : — 

Per  cent. 

V  45  to  55 

C  3  »3-5 

Si  0-3  ,,0-5 

Al  o'2  „  o*3 

Mn  0-5  „  07 

S  o"05  (mean) 

P  0-5 

The   remainder  is  iron. 

The  second  alloy  contains — 

Per  cent. 

Vanadium     ...         ...         ...  30  to  40 

Carbon           ...         ...         ...  0*5    „  i'5 

Silicon            ...         ...         ...  o'i2 

Aluminium    ...         ...         ...  o'i2 

Manganese o"i2 

Sulphur  and  phosphorus  ...  o'03 

the  remainder  being  iron. 

Ferro-Tungsten  is  one  of  the  most  important  products  of  our  Ugine  Works, 
where  a  speciality  is  made  of  its  manufacture.  We  manufacture  the  three 
following  alloys  :- 


III. 

11. 

I. 

Per  cent. 

Per  cent. 

Per  cent. 

Tungsten    ... 

...    83 

..           78-5 

73 

Carbon 

...     o-6oo 

1-7 

3"5 

Iron 

...  15-500 

..        i8-5 

19 

Silicon 

...     0*400 

0-3 

0-400 

Manganese... 

...       0-200 

0-4 

3'5 

Calcium 

...       OI5I 

o-i 

traces 

Arsenic 

...      O'lOO 

o-i 

o-ioo 

Tin 

...   0-050 

0-05 

o-ioo 

Sulphur 

...     0-040 

0-04 

0-050 

Phosphorus 

...   0-015 

0-015     .. 

0-030 

Ferro-tungsten  is  employed,  as  you  know,  almost  exclusively  in  the  manu- 
facture of  tool  steel  or  for  steels  which  are  to  be  tempered  in  air,  or  for  steels 
containing  2  to  4  per  cent,  tungsten,  which  are  also  frequently  used  in  the 
manufacture  of  lathe  or  milling  tools. 


Pel 

cent. 

5     to 

80 

3 

4 

0"2      „ 

o'5 

0"2       „ 

0-5 

0-02    ,, 

0-05 

0-02    „ 

0-04 
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Ferw-Molybdenum. — This  alloy  is  obtained  by  treatment  of  the  sulphurous 
ores  of  molybdenum,  which  brings  to  light  the  great  sulphur-removing  power 
of  the  electric  furnace,  since  in  a  single  operation  the  nearly  pure  metal  may 
be  obtained  from  the  sulphur  ore,  as  is  shown  by  the  following  results  : — 

Molybdenum 
Carbon 

Silicon  

Manganese  ... 
Phosphorus...         ...         '. 

Sulphur 

The  three  alloys  cited  above  form  the  principal  addition  to  the  rapid  tool 
steels.  The  first  rapid  tool  steels  contain  principally,  as  you  know,  only 
chromium  and  tungsten  in  amounts  varying  from  18  to  24  per  cent,  tungsten, 
and  5  to  7  per  cent,  chromium. 

During  late  years,  and  more  especially  just  recently,  rapid  tool  steels  have 
been  produced  having  a  cutting  speed  and  a  resistance  far  greater  than 
formerly.  These  steels  generally  contain  a  considerable  amount  of  vanadium 
and  molybdenum. 

Combinations  of  the  following  composition  are  met  with  : — 

Per  cent. 

Chromium  ...         ...     5    to    8 

Tungsten 18     „  20 

Vanadium  i 

and  sometimes  even  containing  simultaneously  considerable  amounts  of 
tungsten  and  molybdenum. 

For  a  long  time  some  hesitation  was  shown  in  employing  alloys  of  molyb- 
denum and  vanadium  containing  3  to  4  per  cent,  carbon,  and  researches  were 
carried  out  with  alloys  containing  practically  no  carbon.  But  experience  has 
shown  that,  far  from  hindering,  the  presence  of  carbon  in  some  way  facilitates 
the  fusion  of  the  alloy  and  its  intimate  mixture  with  the  steel.  This  is  fortu- 
nate from  the  technical  standpoint,  for  the  removal  of  the  last  traces  of 
carbon  from  such  an  alloy  would  increase  its  price  very  considerably. 

Ferro-Chromiiim. — Our  works  manufacture  ferro-chromium  containing  all 
proportions  of  chromium,  and  carbon  varying  from  i  per  cent,  to  9  per  cent. 
I  give  below  the  composition  of  the  principal  ferrochrome  alloys  which  we 
produce. 

7  to  S 
63-50 
21-5 

7 '5 
■80 


•04 
•03 

Having  noticed  the  inconvenient  results  obtained  by  the  use  of  pure,  or 
almost  pure  metals  (such  as  Al  or  Si  alone)  for  the  removal  of  oxygen  in  the 
case  of  fine  steels,  I  studied  the  formation  of  mixed  alloys  which  give  as  the 
reaction  product  very  fusible  fluxes  which  combine  with  the  oxide  retained 
by  the  metal  and  give  a  flux  of  very  low  melting-point.     One  of  the  principal 


C  per  cent. 

=  8  to  10 

Chromium    ... 

64-500 

Iron   ... 

22 

Carbon 

9-5 

Silicon 

2-25 

Aluminium    ... 

•80 

Manganese    ... 

•15 

Calcium 

•25 

Sulphur 

•04 

Phosphorus  ... 

•03 

5  to  6 

3  to  4 

I 

64 

.       64 

•     63-50 

28-5       . 

•       31 

•     35 

5"5 

3'5 

-60 

■4      • 

■3 

-20 

•50     . 

•40     . 

•10 

■15     • 

■15     • 

-10 

•25     • 

•30     . 

•35 

•04    . 

•04     . 

•03 

•03     . 

•02     . 

•02 
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alloys  of  this  nature  which  has  already  been  prepared  at  Krupp's  works 
is  silico-manganese-aluminium,  which  we  manufacture  with  different 
compositions. 

Per  cent.  Per  cent. 

Silicon 18  to  22         ...         9    to  11 

Manganese       18  „  22         ...         9     „  11 

Aluminium       9  „  12         ...         4^  „     6 

In  order  to  obtain  a  still  more  vigorous  reaction  and  consequently  to 
improve  the  deoxidisation  and  facilitate  the  removal  of  the  Hux  I  have  studied 
other  alloys,  especially  : 

Silico-Cakium-Aluminiuiu,  which  the  Uginc  Works  now  regularly 
produce,  has  the  following  composition  : — 

Per  cent. 

Silicon      50  to  55 

Calcium    ...         ...         ...  18  ,,  22 

Iron  12  ,,  15 

Aluminium  ...         ...       4  ,,     5 

Carbon     ...         ...         ...       i   ,,     i'25 

Magnesium  ...         ...      about  '35 

Manganese  ......  ,,       "22 

Sulphur    ...         ...         ...  ,,       "075 

Phosphorus         ...         ...  ,,       "03 

This  alloy  being  expensive  forms  a  somewhat  special  reagent  for  the 
manufacture  of  superfine  steels  in  the  Martin,  electric,  or  crucible  furnaces. 

I  cite  also  in  the  same  series  of  allo3'S  silico-manganese,  silico-aluminium, 
silico-calcium,  which  the  Ugine  Works  produce  on  a  commercial  scale. 
There  are  also  in  the  early  stage  a  whole  series  of  alloys — ferro-tantalum, 
ferro-uranium,  ferro-boron,  ferro-titanium,  &c.  The  price  of  these  is,  however, 
too  high,  and  the  demand  too  uncertain  for  them  to  be  used  at  present  in 
metallurgy. 

The  product  which  is  most  easily  made  in  large  quantities  is  that  which  is 
most  used,  namely,  ferro-silicon,  containing  25-30,  40-50,  75-80,  90-95  per 
cent,  silicon.  Each  of  these  silicon  alloys  has  special  uses  and  characteristics. 
For  example,  the  25  per  cent,  ferro-silicon,  on  account  of  its  relatively  high 
specific  gravity,  is  employed  preferably  in  converters  and  in  certain  fixed 
quantities,  that  is  to  say,  in  the  formation  of  silicon  steels.  The  ferro-silicons 
with  higher  percentages  are  generally  used  for  the  removal  of  oxygen,  the 
95  and  75  being  also  largely  employed  in  the  formation  of  silico  steel  which 
is  to  be  converted  into  transformer  iron.  They  are  to  be  preferred  to  the 
ferro-silicons  of  lower  percentage,  because  in  the  latter  case  the  percentage  of 
carbon  introduced  is  much  less. 

A  table  of  the  different  products  is  given. 


Per  cent.  =  30 

50 

75 

90 

Silicon 

...       30-50      ., 

,.     49-50       . 

..     7S 

..     88-50 

Iron   ... 

...     68 

•     49 

..     20 

••      9"3 

Manganese  .. 

•         •••         "35     •• 

•30       . 

•25       . 

•15 

Aluminium  .. 

•10     .. 

•15       . 

•10 

■15 

Calcium 

•30     .. 

•40       . 

I 

1-2 

Magnesium  .. 

•10     .. 

•15       . 

•30       . 

-30 

Carbon 

•35     - 

•30       . 

•30       . 

■25 

Sulphur 

•02     .. 

•015     . 

•015     ., 

•oi- 

Phosphorus  .. 

•04     .. 

•03       ., 

•03       ., 

•03 
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The  metallurgical  works  at  Ugiiie  employ  actually  about  20,000  h.p.,  wiiich 
is  distributed  to  about  30  furnaces,  of  which  18  utilise  300-750  h.p.  and  9  about 
500  h.p. 

The  metallurgical  works  also  contain  a  factory  for  electrodes,  which  is  a 
works  in  itself.  Electrodes  being  the  basis  of  all  electro-metallurgical  work,  it 
was  necessary  that  our  important  alloy  works  and  the  steel  works  which  have 
just  been  constructed  should  have  electrodes  of  the  first  quality,  and  in  order 
to  be  quite  safe  in  this  respect  we  decided  to  make  them  ourselves. 

The  electrode  factory  at  our  Ugine  Works  is  one  of  the  most  important  in 
existence.  The  starting-point  is  gas  carbon,  which  is  dried,  broken  up, 
and  powdered.  It  is  then  mixed,  while  hot,  with  tar  in  the  proportion  of 
88-89  graphite  and  11-12  tar.  The  mass  obtained  in  the  mixers  is  formed  into 
large  homogeneous  layers,  which  by  means  of  a  pump  exerting  a  pressure  of 
1,200  tons  are  pressed  into  large  cylinders  i  m.  in  diameter  and  i  m,  20  cm. 
in  length.  When  cooling  is  almost  complete,  the  cylinder,  which  is 
already  fairly  hard,  is  placed  within  the  cylinder  of  a  large  wire  press  giving  a 
pressure  of  3,500  tons.  The  piston  forces  the  mass  through  fine  holes  whose 
section  is  that  of  the  electrode.  The  dimensions  of  the  electrodes  manufactured 
at  Ugine  are  as  follows  : — 25,  30,  33  sq.  cm.  in  square  sections,  and  28  and  36 
sq.  cm.  in  round  sections,  the  length  being  always  from  i  m.  60  to  i  m.  75. 
After  the  passage  through  the  wire  press  the  electrodes  are  baked  in  a 
furnace  of  the  Hoffmann  type,  the  temperature  being  raised  progressively  to 
1,300°,  and  gradual!}^  reduced  again  to  about  100°,  when  the  electrodes  are 
removed  and  are  then  ready  for  use. 

The  Ugine  Works  cover  35,000  sq.  m.  ;  knowing  the  importance  of 
the  transport  of  goods,  they  are  connected  to  the  system  of  the  P.  L.  ALCo. 
by  means  of  a  branch,  on  which  transport  is  assured  by  the  use  of  electric 
locomotives  working  with  a  continuous  current  at  a  pressure  of  500  volts. 

I  submit  to  you  a  series  of  samples  of  the  principal  alloys  manufactured 
by  us. 

The  Steel  Furxack. 

The  oscillating  furnace  employed  in  the  manufacture  of  alloys,  moditied 
to  make  it  suitable  for  the  melting  of  scrap  iron  and  its  subsequent  conversion 
to  steels  of  the  best  quality,  has  led  us  to  design  the  furnace  which  is  actually 
used  on  a  large  scale,  not  only  at  Ugine,  but  in  several  important  steel 
works.  The  furnace  is  well  known  from  the  numerous  descriptions  which 
have  been  given,  and  it  has  become  the  prototype  of  all  the  technical 
furnaces  worked  on  the  conducting-hearth  system.  The  idea  of  the  con- 
ducting hearth  is  evidently  not  new,  but  it  is  only  quite  recently  that  it 
has  been  possible  to  employ  it  under  such  conditions  as  to  make  it  an 
industrial  furnace.  For  the  hearth  was  either  very  quickly  corroded  by  the 
fused  metal,  or  if  it  was  cooled,  in  order  to  protect  it  from  the  fused  metal, 
it  became  covered  with  an  irregular  coating  of  metal  which  rendered  all 
consecutive  and  regular  manufacture  impossible.  Knowing  from  the 
manufacture  of  alloys  the  undoubted  advantages,  from  the  point  of  view  of 
simplicity,  of  a  furnace  possessing  only  one  electrode  or  several  in  parallel, 
I  attempted  to  devise  a  steel  furnace  which  would  avoid  the  disadvantages 
of  those  with  a  carboning  hearth  on  the  one  hand,  and  the  disadvantages 
of  the  metal  hearth  on  the  other.  And  at  the  end  of  a  series  of  experiments 
I  arrived  at  a  definite  type  of  the  following  design  : — 

This  furnace  consists  principally  of  a  metal  iron  cylinder  supported  on 
trunnions  or  in  a  cradle  which  permit  it  to  be  oscillated  for  pouring  or 
cleaning  purposes.     Inside,  or  on  the  sides,  are  pieces  of  iron  which  carry 
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the  current.  These  pieces  of  iron  arc  imbedded  in  the  clay  and  abut  into  the 
crucible  itself  in  such  a  way  that  they  penetrate  to  the  lowest  part  of  the 
metal  charge,  and  are  also  as  far  as  possible  from  the  electrodes.  If  the 
poles  are  placed  on  the  sides  of  the  furnace,  or  pass  through  the  bottom,  the 
principle  still  holds  good,  and  these  are  its  advantages. 

In  an  electric  furnace  the  source  of  heat  does  not  move  as  in  a  flame 
furnace,  consequently  with  a  given  power  and  capacity  the  radiation  of  the 
arc  and  the  diffusion  of  heat  from  the  bath  itself  have  limits  which  result  in 
the  state  of  equilibrium,  which  is  established  between  the  heating  effect 
at  the  centre  of  the  metal  and  the  cooling  effect  round  the  edges  and  at  the 
bottom  of  the  furnace.  Now  my  metal  conductors  are  exactly  arranged  so 
as  to  utilise  the  heat  to  the  best  advantage.  On  this  account,  the  slight 
cooling  obtained  by  circulating  water  through  the  part  of  the  conductor 
not  in  contact  with  the  molten  metal  suffices.  Experience  has  shown  that 
the  life  of  these  metallic  poles  so  placed  is  practically  infinite.  They  melt 
generally  about  5  cm.  above  the  level  of  the  bottom  of  the  furnace.  This 
is  on  account  of  the  heat  resulting  on  the  one  hand  by  contact  with  the 
molten  metal,  and  on  the  other  by  the  heating  produced  by  the  passage 
of  the  current.  The  arrangement  of  these  poles  outside  the  circumference 
of  the  crucible  not  only  has  the  effect  of  protecting  them  from  the 
heat,  but  it  also  compels  the  current  to  traverse  the  charge  through- 
out its  whole  length  and  breadth.  This  is  a  great  advantage  from  the 
point  of  view  of  the  regularity  of  action  of  the  furnace,  an  advantage 
which  is  not  possessed  by  furnaces  worked  by  arcs  in  series,  nor  by 
furnaces  based  on  the  same  idea,  in  which  the  current  does  not  traverse 
the  centre  of  the  charge  or  the  parts  situated  between  the  negative  con- 
ductor and  the  electrode. 

When  a  Girod  furnace  is  freshly  charged  with  cold  matter,  the  resistance 
of  the  charge  is  sufficiently  great  for  almost  the  entire  current  to  be  com- 
pletely converted  into  heat.  There  is  therefore  as  complete  a  utilisation 
as  possible  of  the  heat  furnished  by  the  current,  until  the  metal  reaches  its 
melting-point.  Moreover,  short  circuits,  which  are  always  dangerous  to 
electrical  apparatus,  are  avoided.  Finally,  when  the  metal  is  melted,  the 
charge  always  offers  sufficient  resistance  to  absorb  10  to  15  per  cent,  of  the 
current  into  the  metal  itself,  this  resistance  still  sufficing  to  prevent  short 
circuits. 

The  methods  adopted,  far  from  leading  to  a  loss  of  current  and  heat, 
tend  rather  to  unite  all  the  advantages  that  can  be  gained  from  the  arc  and 
the  resistance  furnaces.  Having  arranged  that  the  metal  charge  is  entirely 
traversed  by  the  current,  furnaces  can  be  made  having  not  only  a 
large  surface  area,  but  also  a  great  depth.  The  passage  of  the  current  has 
the  effect  of  producing  circulation  of  the  metal  from  the  sides  to  the  centre, 
or  vice-versa. 

This  disposition  of  the  Girod  furnace  makes  it  possible,  therefore,  to 
heat  the  metal  itself  by  means  of  an  arc,  on  account  of  the  resistance  which 
it  offers  to  the  passage  of  the  current.  The  industrial  value  of  the  Girod 
furnace  is  now  no  longer  disputed,  the  number  of  furnaces  in  actual  use 
and  in   course  of  construction  being  the  best  testimonial. 

John  Cockerill  &  Co.,  of  Seraing,  employ  a  3  -  ton  furnace,  which  is 
generally  charged  with  liquid  steel  obtained  from  a  Thomas  converter.  While 
the  same  furnace  is  sometimes  used  in  the  treatment  of  charges  of  scrap. 

Oehler  &  Cie.,  Aarau,  Switzerland,  employ  a  2-ton  furnace  which  is  charged 
exclusively  with  cold  scrap  and  produces  only  steel  castings. 

A.  Stotz  &  Co.,  Kornwestheim,  near  Stuttgart,  employ  a  furnace  of  the 
same  capacity  in  the  same  way. 
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It  is  interesting  to  note  that  the  two  furnaces  of  Oehler  and  Stotz  are  fed 
by  a  small  central  station  which  provides  lighting  and  motive  power  at  the 
same  time  as  it  is  working  the  furnace.  The  behaviour  of  the  furnace  is  so 
regular,  notwithstanding  the  cold  charges,  that  the  distribution  of  the  electric 
lighting  and  motive  power  does  not  suffer  by  it. 

Further,  amongst  our  other  licencees  we  may  cite  the  following  important 
firms  :  Ternitz  Stahl  und  Eisenwerke,  Von  Schoeller  &  Co.,  at  Ternitz, 
Austria ;  Steirische  Gussstahlwerke,  Banner  &  Co.,  at  Judenburg,  Austria, 
who  have  replaced  an  electric  furnace  of  another  kind  by  a  Girod 
furnace  ;  Gutehoffnungshiitte  A.G.,  at  Oberhausen,  Germany  ;  Usines  Royales 
Hongroises  de  Diosgyor,  at  Diosgyor,  Hungary  ;  Stahlwerk  Becker  &  Co.,  at 
Krefeld-Willich,  Germany  ;  Marrel  Freres,  Forges  de  la  Loire  et  du  Midi, 
Rive  de  Gier  ;  the  Simonds  Manufacturing  Company,  at  Chicago,  U.S.A.  ; 
Fr.  Krupp  A.G.,  at  Essen-Ruhr,  Germany. 

La  Societe  Anonyme  Electrometallurgique  Procedes  Paul  Girod,  which 
issues  licences  to  foreigners,  has  given  place  to  a  new  company,  which  has 
taken  the  name  of  La  Compagnie  des  Forges  et  Acieries  Electriques  Paul 
Girod,  whose  headquarters  and  works  are  at  Ugine,  Savoy.  All  the  French 
licenses  have  been  taken  over  by  the  author.  These  works,  whose  construc- 
tion began  in  April,  1908,  were  put  in  hand  just  a  year  too  late.  A  complete 
description  was  given  of  them  by  Professor  Borchers  at  the  recent  meeting 
of  the  Iron  and  Steel  Institute.  They  are  certainly  the  first  steel  works  based 
entirely  on  the  use  of  hydraulic  power,  and  bring  to  light  the  industrial  value 
of  steel  made  in  the  electric  furnace.  It  is  specially  noticeable  that  even 
when  starting  with  poor  scrap  or  impure  and  bad  castings  it  is  possible  to 
obtain  steels  rivalling  the  best  of  crucible  steels.  This  is  a  very  interesting 
point,  that  the  electric  furnace  permits  of  pourings  in  large  units. 

The  large  furnaces  of  Paul  Girod  &  Co.  were  originally  intended  to  take  a 
charge  of  8  to  12  tons  ;  but  it  has  been  found  that  the  larger  the  charges  the 
better  the  yield  and  behaviour  of  the  furnaces.  For  this  reason  the  thickness 
of  the  walls  and  bottom  of  these  furnaces  has  been  diminished,  and  their 
capacity  is  now  15  tons. 

Cycle  of  Operations  in  an  Electric  Furnace. 

Whatever  product  is  required  the  electric  furnaces  are  always  charged 
with  ordinary  blooms  or  pieces  taken  from  the  forge  or  rolling  mills.  The 
scrap  is  simply  chosen  so  that  it  contains  no  foreign  bodies  such  as  copper, 
tin,  or  zinc. 

The  mean  composition  of  the  charge  of  our  Ugine  furnaces  is  as  follows  : — 

Per  cent. 

Carbon         "3     to  -4 

Silicon 
Manganese  ... 

Sulphur        

Phosphorus... 

Tlie  molten  product  has  a  similar  composition  (excluding  special  alloys) 
I.  Metal  perfectly  refined,  comparable  with  crucible  steel  : — 

Per  cent. 

Carbon -05    to  i"5 

Silicon -15    „      -25 

Manganese      "25    „      "35 

Sulphur  '015 

Phosphorus      '015 


•I     ,, 
•6     , 

>  -3 
,  -8 

•Oy      ,; 

,  •120 

•07  , 

.    '12 
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2.  Product  to  be  employed  on  the  same  work  as  Martin  steels  of  the  finest 
quality. 

Per  cent. 

Carbon '075  to  V2 

Silicon '15     „     "35 

Manganese      "35     „     "45 

Sulphur  '025 

Phosphorus     ...         ...  "025 

The  manufacture  in  the  electric  furnace  may  he  divided  into  two  distinct 
parts  : — 

1.  Period  of  oxidation. 

2.  Period  of  reduction  to  the  metal. 

First  Period. — Having  charged  with  the  cold  scrap,  an  oxidising  flux  is 
added  by  means  of  quicklime  and  iron  ore,  and  ultimately  mixed,  so  that  it 
reacts  not  only  till  the  metal  has  melted,  but  till  it  reaches  the  pasty  stage. 
The  oxidation  takes  place  at  a  low  temperature.  The  action  is  vigorous,  but 
has  the  advantage  of  not  over-oxidising  the  metal  itself.  Generally,  when  the 
charge  has  melted  entirely,  the  foreign  elements  contained  in  the  metal  are 
found  to  be  oxidised — that  is  to  say,  there  are  only  traces  of  carbon,  silicon, 
manganese,  and  phosphorus.  If  this  is  not  the  case,  the  first  flux  is  withdrawn 
and  a  second  of  the  same  composition  is  added.  When  the  metal  is  in  a 
soft  state  (which  can  easily  be  determined  by  a  puddling  rake)  the  oxidising 
fluxes  are  withdrawn  ;  this  is  easily  done  by  causing  the  furnace  to  tip  back- 
wards. Most  of  the  slag  runs  off,  and  the  remainder  is  scooped  out  by 
workmen. 

Having  removed  the  first  slag,  it  is  replaced  by  a  flux  rich  in  calcium, 
which  is  expelled  very  quickly,  after  removing  the  last  traces  of  the  oxidising 
agent  and  phosphorus.  This  cleansing  operation  must  be  repeated  a  second 
time  if  necessary. 

Second  Period. — After  this  cleaning  of  the  surface  of  the  metal,  we  pass  on 
to  the  second  period,  which  is  that  of  reduction.  The  calcium  flux  is  replaced 
by  a  neutral  one  consisting  chiefly  of  lime,  but  containing  a  little  silica.  In 
this  second  period  the  furnace  must  be  kept  properly  closed,  and  the  tem- 
perature raised  as  high  as  possible,  so  that  the  iron  oxide  retained  by  the 
metal  is  gradually  absorbed  by  the  slag.  The  action  of  the  carbon  of  the 
electrode  or,  if  need  be,  the  addition  of  a  little  powdered  ferro-silicon,  on 
wood  charcoal  renders  it  very  easy  to  completely  deoxidise  the  dross  ;  that  is 
to  say  that  samples  of  flux  withdrawn  from  the  furnace  escape  into  the  air  as  a 
white  dust.  In  order  to  obtain  this  result  a  small  quantity  of  silico-manganese 
or  silico-aluminium  or  ferro-silico  manganese  aluminium  is  added.  As  already 
shown  in  the  description  of  the  alloys  manufactured  by  us,  these  alloys  act 
very  vigorously  on  the  oxide  retained  by  the  metal.  They  form  very  liquid 
fluxes,  which,  rising  to  the  surface,  carry  with  them  the  impurities  retained 
by  the  metal. 

It  is  during  this  period  that  the  removal  of  sulphur,  which  is  not  finished 
in  the  first  operation,  proceeds  and  becomes  complete  after  the  addition  of  the 
alloys.  The  metal  is  carbonated  by  the  addition  of  small  pieces  of  carbon  or 
of  dust,  this  addition  of  carbon  taking  place  when  the  first  neutral  flux,  in 
the  case  of  superfine  steel,  is  withdrawn  and  replaced  by  a  second  of  the  same 
kind. 

If,  as  at  Cockeriirs  works,  liquid  steel  is  employed,  the  liquid  metal  is 
placed  in  the  furnace  before  the  first  action  has  entirely  finished,  that  is  to 
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say,  when  it  contains  a  little  carbon,  phosphorus,  manganese  and  silicon.  The 
oxidation  proceeds  for  a  short  time  under  the  same  conditions  as  the  oxidation 
of  the  cold  scrap,  the  oxidising  flux  being  replaced  at  first  by  neutral  fluxes 
just  as  in  the  case  of  the  cold  charge.  • 

I  append  a  table  showing  the  progress  of  certain  pourings  for  furnaces  of 
2  to  3  tons,  and  for  furnaces  of  8  to  12  tons,  showing  that  we  make  very  pure 
metal  in  the  3-ton  furnaces,  and  metal  a  little  less  pure  in  the  8-ton  to  12-ton 
furnaces.  From  the  point  of  view  of  their  mechanical  properties  we  have 
not  noticed  much  difference  between  the  very  highly  refined  metal  and  a 
metal  sufficiently  pure  not  to  influence  its  strength.  We  affirm  also  that  the 
metal,  whether  prepared  in  the  large  or  small  furnaces,  may  be  forged  or 
rolled  with  great  ease  and  that  its  resistance  to  shock  is  always  superior  to  that 
of  Martin  or  crucible  steel. 

I  conclude  my  Paper  by  giving  a  few  constants  of  the  tenacity,  &c.  (see 
Table  II.).  I  only  give  results  for  carbon  and  nickel  steels,  for  in  the  case  of 
special  steels  the  method  of  preparation  gives  rise  to  metals  of  very  different 
strengths. 


DISCUSSION. 

The  Chairman,  in  opening  the  discussion,  remarked  on  the  com- 
paratively slow  progress  that  had  been  made  in  England  with  electric 
steel  refining.  No  doubt  more  had  been  done  than  was  generally  known, 
and,  of  course,  on  the  other  hand,  crucible  furnaces  had  been  perfected 
here  more  than  abroad.  For  the  manufacture  of  special  steels  the  cost 
of  power  was  not  the  all-important  item,  as  it  was  sometimes  thought 
to  be. 

Dr.  W.  Rosenhain  thought  that  if  the  claim  that  best  tool  steel  could 
be  made  from  scrap  was  true,  it  would  revolutionise  the  Sheffield  steel  industry. 
He  believed  the  Sheffield  manufacturers  were  alive  to  this,  and  were  experi- 
menting in  a  careful  and  systematic  manner. 

Mr.  E.  Ristori  commented  upon  the  character  of  the  Paper,  which 
he  thought  was  too  much  in  the  form  of  an  advertisement.  He  also 
commented  upon  the  claim  for  priority  put  forward  by  the  author,  which 
he  did  not  think  was  fully  justified.  He  could  not  regard  the  modifications 
introduced  by  the  author  as  improvements  on  other  furnaces  which  were 
known  before.  As  regards  the  consumption  of  electric  energy  per  ton  of 
steel  produced,  he  wished  to  point  out  that  the  Girod  furnace  did  not 
offer  any  special  advantage,  as,  in  fact,  all  the  electric  steel  furnaces  now 
known  used  practically  the  same  amount  of  electric  energy  per  ton  of 
steel  produced. 

He  agreed  with  the  Chairman  that  we  in  England  had  not  taken  the 
lead,  and  were  not  even  following  quickly  enough,  and  explained  that 
both  on  the  Continent  and  in  the  United  States  electric  furnaces  for 
steel  were  being  introduced  at  a  much  more  rapid  rate  than  in  this 
country. 

Mr.  "W,  R.  Cooper  hoped  that  one  result  of  the  evening's  discussion 
would  be  to  lay  permanently  to  rest  the  idea  of  the  supreme  importance 
of  water-power  for  the  electric  refining  of  steel.  Electrical  energy  could 
be  supplied  so  cheaply  in  English  industrial  centres  that  water-power 
abroad,  which  was  generally  not  where  it  was  desired,  gave  very  little 
net  advantage. 
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Mr.  F.  W.  Harbord  said,  with  regard  to  the  author's  claims,  M.  Girod 
did  not  claim  to  make  better  steel  than  by  other  processes,  but  he 
claimed  advantages  derived  in  part  from  the  design  of  the  furnace  and 
in  part  from  the  arrangement  of  the  electrodes.  As  a  matter  of  fact, 
equallj'  good  steel  could  be  made  in  any  furnace,  so  long  as  there  were 
facilities  for  removing  the  slag  containing  the  impurities.  The  weakness 
of  the  original  ring  induction  furnace  was  that  this  could  not  be  done,  and 
it  was  therefore  merely  a  melting  furnace,  and  no  refining  or  purification 
was  possible.  In  the  newer  R5chling-Rodenhauser  type  of  induction 
furnace,  however,  there  were  facilities  for  removing  slag,  and  refining 
was  being  done.  The  problem  of  the  electric  steel  furnace  resolved 
itself  into  devising  the  best  mechanical  and  electrical  appliances  for  the 
two  essentials  of  refining,  namely,  oxidation  and  removal  of  the  impurities 
in  the  slag  formed. 

He  would  like  to  ask  the  author  whether  there  was  any  risk  of  local 
chilling  at  the  bottom  of  his  furnace  round  the  water-cooled  electrodes. 

With  regard  to  what  the  Chairman  had  said  respecting  electric  steel 
manufacture  in  England,  there  were  several  electric  furnaces  at  work  in 
England  making  steel.  There  was  no  doubt  that  steel  equal  to  the  best 
crucible  steel  could  be  made  from  scrap  in  the  electric  furnace,  provided 
the  furnace  was  designed  for  the  easy  removal  of  the  slag,  so  that  new 
slags  could  be  formed  to  refine  to  the  required  extent. 

M.  Paul  Girod  {communicated  reply)  :  Mr.  Ristori  finds  my  Paper  too 
much  in  the  form  of  an  advertisement.  That  is  not  the  case  ;  at  least,  I  had 
not  the  slightest  intention  in  mind  of  so  making  it  at  the  time  of  writing.  On 
the  contrary,  although  I  realise  that  the  Paper  has  assumed  a  somewhat 
personal  form,  that  could  not  be  otherwise  when  I  was  invited  to  refer  par- 
ticularly to  my  own  work  in  this  field.  I  have  at  the  same  time  found  it 
necessary  to  refer  to  the  work  of  others,  because  they  have  in  their  turn 
emphasised  the  merits  of  their  furnaces  and  often  criticised  those  of  other 
inventors.  It  not  having  been  within  my  province  to  write  a  general  Paper 
on  electric  furnaces,  I  desired  to  speak  neither  well  nor  ill  of  those  of  my 
colleagues. 

It  is  certain  that  almost  all  electric  furnaces  absorb  sensibly  the  same 
amount  of  electrical  energy  per  ton  of  steel  produced.  When  ^the  steel  is 
charged  in  liquid  form  I  would  even  say  that  the  advantage  from  the  point 
of  view  of  current  consumption  is  clearly  on  the  side  of  induction  furnaces, 
which  on  the  other  hand  are  inferior  in  other  respects  to  arc  furnaces.  I  do, 
however,  maintain  that  a  furnace  with  conducting  hearth  and  fed  with  a  cold 
charge  has,  at  least  at  the  beginning  of  a  run,  a  decided  advantage  over  a 
furnace  in  which  the  current  does  not  traverse  the  mass  of  scrap. 

I  am  in  absolute  accord  with  Mr.  Cooper,  and  I  believe  that  the  successful 
application  of  the  electric  furnace  does  not  depend  at  all  on  the  question  of 
water-power,  but  that  for  the  most  part  in  the  older  centres  of  industry 
electricity  can  be  generated  otherwise,  be  it  by  means  of  coal  or  more 
especially  by  means  of  furnace-gases,  at  a  sufficiently  low  cost  to  justify  the 
installation  of  electric  furnaces. 

In  reply  to  Mr.  Harbord's  question,  I  ought  to  say  that  local  chilling 
around  the  electrodes  certainly  causes  loss  of  heat,  but  on  the  other  hand 
this  chiUing  is  very  often  indispensable,  in  order  to  ensure  the  preservation 
of  the  roof,  owing  to  the  comparatively  small  amount  of  air  entering  the 
furnace  and  circulating  through  the  doors  towards  the  holes  in  the  roof. 
Depending  on  the  price  of  current  and  the  nature  of  the  product,  it  is  advan- 
tageous in  certain  cases  to  do  away  with  the  cooling  ring,  and  to  repair  more 
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frequently  the  holes  through  which  electrodes  pass.  In  other  cases  where 
firebrick  is  dear  on  account  of  cost  of  transport  and  where  current  is  cheap, 
it  is,  on  the  contrary,  of  advantage  to  maintain  the  chilling  by  the  circulation 
of  water,  and  that  is  generally  so  in  the  case  of  water-power  installations. 

Nor  must  it  be  forgotten  that  the  roof  of  an  electric  furnace  cannot  be 
very  high  on  account  of  the  electrodes,  and  that  in  large  furnaces  the 
metallic  cooling  tubes  often  constitute  an  excellent  protection  for  the  cover. 

There  remain  other  questions  of  detail  which  have  been  completely 
solved  in  the  case  of  the  older  Martin  process,  and  which  will  in  time  be 
equally  well  again  solved  in  the  case  of  the  electric  furnace,  the  importance 
of  which  for  the  manufacture  of  Thomas  or  Bessemer  steel  is  unquestionable. 

In  conclusion,  I  must  again  ask  the  members  of  the  Society  to  excuse  the 
personal  form  which  my  Paper  has  assumed,  but  I  repeat  that  the  invitation 
extended  to  me  did  not  permit  of  my  giving  it  a  more  general  character,  so 
that  I  could  not  appraise,  and  much  less  criticise,  the  work  of  my  competitors. 
Such  a^general  critical  review  of  electric  furnaces  can  only  be  made  in  fair- 
ness by  an  absolutely  independent  person  having  no  relation  with  or  taking 
no  personal  interest  in  any  of  the  types  of  furnaces  which  have  been  intro- 
duced. 


THE   FAILURE   OF   THE    LIGHT   ENGINEERING  ALLOYS, 
PARTICULARLY   THE   ALUMINIUAl   ALLOYS. 

By  EDWARD  F.  LAW. 

{A  Paper  read  before  the  Faraday  Society,  Tuesday,  June  21.  1910, 
Dr.  F.  MoLLWO  Perkin,  Treasurer,  in  the  Chair.) 

In  view  of  the  impetus  given  to  aviation  by  recent  developments  in  engi- 
neering, and  the  resulting  demand  for  light  metals  and  alloys,  it  is  a  matter 
of  considerable  intei-est  and  importance  to  inquire  into  the  reason  of  the 
almost  entire  absence  of  light  alloys  at  the  disposal  of  the  engineer  and  the 
inability  of  the  metallurgist  to  meet  the  demand  for  such  alloys. 

Of  the  light  metals,  aluminium  is  perhaps  the  only  one  which  would 
appear  to  offer  any  great  promise  of  affording  valuable  alloys,  but  practical 
trials  and  experimental  research  have  not  justified  these  expectations,  and  the 
results  of  a  vast  amount  of  work  have  gone  to  show  that,  practically  speaking, 
only  four  metals,  viz.,  zinc,  copper,  nickel,  and  magnesium  (and  the  last  three 
in  very  Umited  proportions),  form  useful  alloys  with  aluminium.  In  view  of 
these  results,  and  remembering  the  great  things  that  were  expected  of  the 
metal  and  the  prophecies  which  were  heard  only  a  few  years  ago  that  the 
iron  age  would  be  succeeded  by  an  aluminium  age,  it  must  be  confessed  that 
up  to  the  present  aluminium  has  been  somewhat  of  a  failure. 

The  object  of  the  present  Paper,  therefore,  is  not  so  much  to  describe  the 
results  of  any  original  research  as  to  draw  attention  to  some  of  the  properties 
possessed  by  the  aluminium  alloys.  It  is  not  intended  to  deal  here  with  the 
important  question  of  corrosion,  although  it  must  not  be  forgotten  that  the 
ease  with  which  aluminium  is  attacked  both  by  acids  and  alkalies,  as  well  as 
certain  salt  solutions,  has  been  a  serious  hindrance  to  its  extended  use,  and 
has  been  the  main  reason  for  its  abandonment  in  naval  construction. 

Considering  briefly  the  constitution  of  alloys  in  general,  it  is  only  neces- 
sary to  recall  the  fact  that  when  one  metal  is  alloyed  with  another  it  may 
form  (i)  a  solid  solution,  (2)  a  eutectic,  or  (3)  an  intermetallic  compound, 
and  the  properties  of  these  bodies  and  their  influence  on  the  mechanical 
properties  of  the  metal  are  now  well  understood.  Thus  solid  solutions  are 
perfectly  homogeneous  and  malleable.  All  the  industrial  alloys  which  are 
capable  of  being  cold  rolled,  drawn,  or  spun,  are  solid  solutions.  Eutectics 
are  more  or  less  brittle,  and  as  their  melting-points  are  lower  than  either  of 
the  constituent  metals,  they  tend  to  separate  in  the  form  of  a  network  between 
the  crystals  of  the  metal,  thus  ruining  its  mechanical  properties.  None 
of  the  alloys  used  by  the  engineer  contain  eutectics.  Intermetallic  com- 
pounds may  either  crystallise  out  in  the  still  molten  metal  or  they  may  be 
soluble  in  an  excess  of  the  metal.  If  they  are  soluble  they  simply  give  rise  to 
solid  solutions,  but  if  they  separate  out,  either  simply  or  in  the  form  of  a 
eutectic  with  part  of  the  metal,  they  increase  the  hardness  and  compressive 
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strength  of  the  metal,  but  otherwise  have  an  injurious  effect  upon  its 
mechanical  properties. 

Now  aluminium  unites  with  considerable  energy  with  nearly  all  the 
common  metals,  forming  compounds  which  are  practically  insoluble  in  an 
excess  of  the  aluminium.  This  fact  at  once  demolishes  any  prospect  of 
obtaining  ductile  alloys  containing  more  than  very  small  quantities  of  other 
metals.  Nevertheless  these  alloys  are  of  great  scientific  interest,  and  their 
study  may  possibly  prove  of  practical  importance  by  throwing  light  on  the 
peculiar  behaviour  of  the  alloys  containing  these  metals  in  even  small 
proportions. 

In  1895  Roberts-Austen  conducted  a  research  on  the  melting-points  of  the 
iron-aluminium  alloys,  and  in  the  Third  Report  of  the  Alloys  Research  Com- 
mittee he  says  :  "  The  samples  of  alloys  used  in  these  experiments  were  kept 
for  some  months  before  being  analysed  ;  and  it  was  found  that  during  this 
time  those  which  contained  from  40  to  60  per  cent,  of  aluminium  had  spon- 
taneously disintegrated,  and  had  fallen  to  powder.  The  powder  was  not 
oxidised,  but  consisted  of  clean  metallic  grains,  probably  resulting  from 
chemical  changes  which  had  gradually  taken  place  in  the  solid  alloy."  He 
then  continues,  "  It  will  hardly  be  supposed  that  this  is  an  isolated  case  in  the 
study  of  alloys.  The  allotropy  or  molecular  change  which  takes  place  in 
Nevi'ton's  fusible  alloy  when  solid  has  already  been  cited  ;  and  no  doubt 
many  unaccountable  changes  in  alloys,  leading  to  unforeseen  fracture  and 
disaster,  are  traceable  to  the  same  cause." 

It  has  since  been  shown  that  this  property  of  spontaneous  disintegration 
is  not  peculiar  to  the  iron  alloys,  but  seems  to  occur  in  most  of  the  aluminium 
alloys,  including  those  with  nickel,  cobalt,  manganese,  antimony,  molyb- 
denum, and  even  zinc.  Further  study  of  these  alloys  serves  to  confirm 
Roberts-Austen's  view,  that  the  disintegration  is  the  result  of  a  molecular 
rearrangement  or  allotropic  change.  Certainly  there  is  no  sign  of  oxidation, 
and  although  it  was  at  first  thought  possible  that  the  silicon,  which  it  is  well 
known  aluminium  takes  up  from  the  crucible  in  which  it  is  melted,  might 
give  rise  to  silicon  hydride  in  the  presence  of  moisture,  this  theory  was  not 
supported  by  the  facts. 

Although  Roberts-Austen  noticed  the  disintegration  of  the  alloys  he  does 
not  appear  to  have  observed  that  it  follows,  and  is  possibly  the  result  of,  a 
marked  expansion  of  the  metal.  Moreover,  this  expansion  exerts  so  much 
force  that  if  the  alloys  are  allowed  to  cool  in  the  crucibles  in  which  they  are 
melted  they  will,  after  a  period  varying  from  a  few  days  to  several  months, 
actually  shatter  the  crucibles  before  themselves  falling  to  powder.  Fig.  i 
shows  a  crucible  in  the  process  of  being  split  by  the  expansion  of  the  alloy. 
In  this  case  the  crucible  was  only  half  filled  with  the  alloy,  so  that  the 
fracture  should  take  place  at  the  bottom  and  through  the  thickest  part 
instead  of  starting  from  the  top  and  weakest  part,  as  would  have  been  the  case 
if  it  had  been  nearly  full.  Moreover,  the  crucible  was  further  reinforced  by 
a  fairly  thick  lining  of  magnesia.  Two  months  elapsed  before  any  visible 
crack  was  observed  in  the  crucible,  but  it  was  then  gradually  and  slowly 
forced  open  until  completely  fractured.  Figs.  2  and  3  show  respectively 
the  solid  alloy  as  removed  from  the  crucible  and  the  same  alloy  a  few 
weeks  later. 

It  is  interesting  to  note  that  chilling  appears  to  prevent  the  disintegration. 
A  particular  alloy  was  found  to  disintegrate  in  three  weeks  when  allowed  to 
cool  in  the  crucible,  whereas  samples  of  the  same  alloy,  made  at  the  same 
time  and  with  the  same  materials,  but  cast  in  an  iron  mould,  have  been  in  the 
author's  possession  for  eight  years  and  show  no  signs  of  disintegration. 
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In  some  cases  work  put  upon  the  alloys  soon  after  their  manufacture 
appears  to  have  the  same  effect  of  hindering  or  preventing  disintegration. 

Attempts  have  been  made  to  follow  the  process  of  disintegration  of 
polished  surfaces  under  the  microscope  with  the  object  of  observing  any 
crystallographic  change,  but  the  results  have  not  been  entirely  satisfactory, 
as  it  is  difficult  to  catch  the  process  at  the  right  stage.  Occasionally  well 
defined  crystals  are  found,  but  these  are  the  exception  rather  than  the  rule. 

In  view  of  the  fact  that  so  many  of  the  alloys  of  aluminium  undergo  this 
change  there  is  good  reason  to  suppose  that  the  property  is  in  some  way  due 
to  the  aluminium  rather  than  to  the  other  constituent,  and  the  question 
naturally  arises — Is  it  possible  that  aluminium  itself  undergoes  a  molecular 
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change  and  can  exist  in  two  allotropic  modifications  ?  As  a  matter  of  fact 
evidence  is  not  wanting  that  this  is  the  case.  In  the  iirst  place  it  is  found 
that  a  temperature  record  of  a  mass  of  aluminium  cooling  from  a  molten 
condition  is  not  that  of  a  normal  pure  metal.  Instead  of  the  temperature 
falling  until  the  solidifying  point  is  reached,  remaining  constant  during  the 
emission  of  the  latent  heat  of  fusion,  and  then  falling  rapidly,  the  temperature 
falls  slowly  during  solidification  and  fails  to  produce  the  sharp  bend  in  the 
curve  which  is  characteristic  of  the  cooling  curve  of  a  pure  metal.  Moreover, 
in  many  cases  there  is  an  actual  evolution  of  heat  towards  the  end  of  the 
solidification  which  gives  rise  to  a  secondary  deflection  in  the  curve.  Typical 
examples   of   these   curves   are  shown  in  Figs.   4  and    5.     It  was   formerly 
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supposed  that  this  secondary  deflection  was  due  to  impurities  in  the  metal, 
and  there  is  little  doubt  that  that  is  the  correct  explanation,  but  with  this 
qualification,  that  it  is  not  due  directly  to  the  impurities  but  to  their  influence 
on  the  aluminium.  The  reasons  for  this  qualification  are  twofold  ;  firstly, 
the  deflection  in  the  curve  is  out  of  all  proportion  to  the  impurities  present, 
and  secondly,  the  same  sample  of  metal  will  sometimes  give  the  deflection 
and  at  other  times  fail  to  give  it.  Thus  the  two  curves  shown  (Figs.  4  and  5) 
were  taken  on  samples  from  the  same  ingot  and  under  the  same  conditions 
as  far  as  could  be  judged.  Oxidation  of  the  metal  was  the  first  explanation 
which  offered  itself,  but  experiments  on  samples  of  pure  metal  have  shown 
that  oxidation  will  not  cause  the  deflection  in  the  curve  in  samples  which  do 
not  give  it  in  the  first  instance.  In  many  cases  in  which  the  pure  metal  fails  to 
exhibit  the  secondary  deflection  the  smallest  addition  of  another  metal  will  at 
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once  cause  its  appearance,  and  the  temperature  at  which  it  occurs  remains 
constant  with  increasing  additions  of  the  other  metal.  Fig.  6  shows  a  series 
of  coohng  curves  of  aluminium  and  the  alloys  of  aluminium  and  cobalt 
containing  respectively  i,  5,  10,  15,  25,  and  50  per  cent,  of  cobalt.  In  this 
particular  case  the  aluminium  curve  shows  the  secondary  deflection,  but 
samples  of  the  same  metal  frequently  gave  curves  without  it.  If  we  had  only 
the  evidence  of  these  curves  to  go  upon  we  might  be  led  to  suppose 
that  these  deflections  occurring  at  a  constant  temperature  were  due  to  the 
formation  of  a  eutectic,  but  there  is  no  sign  of  a  eutectic  in  any  of  the 
alloys.  They  contain  two  constituents  and  there  are  three  evolutions  of  heat 
during  cooling. 

These  observations  are  not  without  interest  in  view  of  certain  statements 
which  have  been  made  from  time  to  time,  and  which  are  difficult  to  explain 
satisfactorily.  For  example,  Guillet  has  declared  that  a  distinct  eutectic  is 
shown  by  the  addition  of  as  little  as  0*05  per  cent,  of  copper  to  aluminium. 
On  the  other  hand,  Carpenter  and  Edwards,  in  the  Eighth   Report  of  the 
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Alloys  Research  Committee— a  report  which  is  full  of  the  most  accurate 
and  careful  work— merely  repeat  Guillet's  statement  without  comment  or 
criticism,  and  make  the  curiously  cautious  remark  that  "  the  introduction 
of  copper  causes  the  separation  of  what  is  probably  a  copper-aluminium 
eutectic."  It  is  interesting  to  note,  however,  that  almost  throughout  the 
entire  series  of  aluminium-copper  alloys  the  authors  have  observed  an  evolu- 
tion of  heat  in  the  neighbourhood  of  the  secondary  deflection  in  the 
aluminium  curve.  Again,  in  the  Ninth  Report  of  the  Alloys  Research 
Committee,  in  speaking  of  the  constitution  of  the  aluminium-manganese 
alloys,  Rosenhain  and  Lantsberry  say,  "  The  eutectic  of  aluminium  with  this 
compound"  {i.e.,  the  compound  corresponding  to  the  formula  ALMn),  "lies 
so  near  the  aluminium  end  of  the  series,  that  the  eutectic  cannot  show  the 
laminated  structure  usually  associated  with  these  bodies— the  aluminium  is 
present  in  such  preponderating  quantities  that  the  eutectic  takes  the  form 
of  a  ground-mass  of  aluminium  in  which  crystals  of  the  aluminium-manganese 
compound  are  embedded."  Surely  this  is  a  new  conception  of  a  eutectic. 
They  then  add,  "  Traces  of  these  crystals  can,  however,  be  observed  even  in 
alloys  containing  as  little  as  i  per  cent,  of  manganese,  in  which  the  separate 
crystallisation  of  the  eutectic  can  also  be  observed  pyrometrically."  In  view 
of  the  fact  that  none  of  the^e  workers  have   made  any  reference  to   the 
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abnormal  behaviour  of  aluminium,  it  would  be  satisfactory  to  know  definitely 
that  they  have  not  been  led  astray  by  it. 

Further  facts  relating  to  this  subject  have  recently  been  published  in 
a  valuable  paper  by  Professor  Turner  and  Mr.  Murray  on  the  expansion 
of  the  copper-zinc  alloys  during  solidification.  In  the  course  of  their  work  the 
authors  made  some  preliminary  determinations  of  the  expansion  of  pure 
metals,  and  it  is  with  these  results  that  we  are  more  particularly  concerned 
at  present.  The  metals  dealt  with  were  copper,  zinc,  tin,  lead,  bismuth, 
antimony,  and  aluminium  ;  and  the  curves  representing  the  expansion  of  the 
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metals,  together  with  the  cooling  curves  which  were  taken  at  the  same  time, 
are  here  reproduced  from  the  original  paper  (Figs.  7  and  8).  It  will  be  seen 
that  the  metals  may  be  divided  into  two  classes  according  to  their  behaviour 
on  solidification  ;  the  first  group  consisting  of  those  metals  whose  cooling 
curves  and  contraction  curves  are  normal,  and  the  second  group,  those  in 
which  there  is  a  sudden  evolution  of  heat  during  solidification,  as  shown 
by  the  cooling  curve,  and  at  the  same  time  an  expansion,  as  shown  by  the 
contraction  or  extensometer  curve.  In  the  case  of  bismuth  the  expansion  is 
evidently  just  sufficient  to  counterbalance  the  natural  contraction  due  to  cool- 
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ing,  and  the  volume  remains  constant  for  a  short  time.  It  must  be  noted 
here  that  owing  to  the  conditions  of  the  experiments  the  metal  was  quickly 
cooled,  and  the  cooling  curves  are  therefore  somewhat  steep,  which  has  the 
effect  of  apparently  accentuating  any  irregularity.  In  describing  their  work, 
the  authors  make  special  reference  to  the  abnormal  cooling  curve  of 
aluminium  (which,  however,  they  do  not  attempt  to  explain),  and  they  observe 
that  the  metals  showing  an  expansion  are,  with  the  exception  of  aluminium, 
those  which  exhibit  marked  crystalline  structures.  During  the  discussion  on 
the  paper,  the  author  sugge:;ted  that  this,  in  itself,  was  not  sufficient  to 
explain  the  phenomena,  but  that  a  molecular  change  in  the  metals  during 
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solidification  would  account  both  for  the  evolution  of  heat  and  for  the  increase 
in  volume,  and  would  also  explain  the  behaviour  of  aluminium.  Now  we 
already  know  that  the  other  metals  possessing  these  characteristics  are 
capable  of  undergoing  molecular  changes.  For  example,  electro-deposited 
antimony,  under  the  influence  of  a  slight  shock,  will  pass  from  one  allotropic 
modification  to  another,  the  change  taking  place  with  a  sudden  and  consider- 
able evolution  of  heat.  Is  there,  then,  any  reason  to  suppose  that  a  similar 
change  may  not  take  place  in  passing  from  the  molten  to  the  solid  state,  and 
that  aluminium  may  not  possess  the  same  property  ?  If  it  is  so,  the  results 
may  be  far  reaching.  When  we  consider  the  supreme  importance  of  the 
allotropy  of  iron,  which  gives  us  at  the  same  time  mild  structural  steel  and 
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the  hardest  cutting  tools  ;  and  if  we  try  to  imagine  the  condition  of  things  in 
the  civilised  world  if  we  were  deprived  of  either  modification  of  iron,  it  should 
at  least  give  us  new  hope  for  the  aluminium  alloys,  and  fresh  energy  to 
unravel  the  mysteries  which  surround  them  and  to  overcome  the  drawbacks 
from  which  they  suffer  at  present. 

DISCUSSION. 

The  Chairman  pointed  out  that  he  had  found  other  metals  besides 
aluminium  break  down  in  the  way  described  by  the  author,  for  instance, 
manganese,  when  it  was  produced  by  reduction  from  its  oxide  by  means  of 
metallic  calcium. 

Dr.  "Walter  Rosenhain  said  that  the  Paper  was  a  most  interesting  and 
suggestive  one,  although  he  hardly  thought  that  Mr.  Law  had  justified  the 
title  of  his  Paper.  It  was  true  that  the  light  alloys  had  not  as  yet  fulfilled  the 
somewhat  extreme  hopes  which  had  been  entertained  in  some  quarters,  but 
they  were  none  the  less  proving  distinctly  useful,  as  for  instance  in  their  use 
in  connection  with  aeronautics  in  preference  to  high-tension  steel,  owing  to 
the  larger  scantlings  which  could  be  used  when  light  alloys  were  employed. 

Mr.  Law  had  raised  a  number  of  interesting  points.  One  of  these  was 
the  property  of-  spontaneous  disintegration  which  was  found  in  some  alloys 
of  aluminium.  He  would  point  out  that  this  phenomenon  was  not  confined 
to  alloys  of  aluminium,  nor  even  to  metals — it  took  place  in  certain  silicates 
of  calcium  also.  In  the  alloys  of  aluminium  and  manganese  he  had  tried  to 
observe  the  phenomenon  under  the  microscope  and  had  seen  the  sudden 
ejection  of  minute  crj'stals  or  fragments  of  crystals  from  the  polished  surface 
— it  looked  like  a  miniature  volcanic  eruption.  Apparently  it  was  a  poly- 
morphic change  which  involved  an  increase  of  volume  and  took  place  at  or 
near  the  ordinary  temperature. 

Mr.  Law  had  referred  to  the  views  which  he  and  Mr.  Lantsberry  had 
expressed  as  to  the  eutectic  in  the  aluminium-manganese  series,  and  had 
suggested  that  it  was  "  surely  a  new  view  of  a  eutectic,"  apparently  with  the 
wish  to  suggest  that  the  thermal  arrest-points  were  in  reality  due  to  a  trans- 
formation in  the  aluminium  and  not  to  the  formation  of  a  eutectic.  If  Mr.  Law 
had  seen  the  full  facts  as  they  lay  before  himself  and  Mr.  Lantsberry  when 
that  statement  was  made,  this  criticism  would  not  have  been  put  forward.  He 
would  try  and  state  these  facts  very  briefly  by  drawing  a  rough  sketch  of  the 
portion  of  the  equiHbrium  diagram  of  these  alloys  as  determined  by  himself 
and  Lantsberry  (Fig.  9).  The  liquidus  curve  sloped  down  for  a  very  short 
distance  from  A,  the  freezing-point  of  pure  aluminium,  to  a  distinct  eutectic 
point  B,  and  then  upwards  to  the  point  C,  corresponding  with  the  compound 
AljMn.  Through  the  point  B  passed  the  typical  eutectic  line,  and  there  was 
nothing  novel  at  all  in  the  view  that  the  substance  freezing  at  B  was  a 
eutectic  ;  the  definition  of  a  eutectic  which  he  adopted  was  that  it  was  the 
alloy  of  lowest  freezing-point  found  in  any  series,  and  that  the  laminated 
structure  so  frequently  found  in  these  substances  was  an  incidental  and  not 
an  essential  feature  ;  if  a  eutectic  consisted  largely  of  one  constituent,  this 
laminated  structure  could  not  be  developed,  although  the  mode  of  freezing 
might  be  exactly  the  same  as  that  of  a  eutectic  in  which  the  two  constituents 
were  present  in  more  equal  proportions.  A  curious  feature  about  the  Al-Mn 
series,  however,  was  that  the  eutectic  line  through  the  point  B  appeared  to  be 
definitely  double — each  alloy  gave  two  distinct  arrests.  Whether  this  lower 
line  extended  right  up  to  pure  aluminium  and  whether  it  might  perhaps  cor- 
respond to  the  transformation  suggested  by  Mr.  Law  was  an  open  question 
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if  it  did,  we  should  have  the  very  remarkable  fact  that  a  transformation  of 
this  kind  was  independent  of  the  concentration.  This  was  unusual,  although 
not  quite  unique — it  implied  that  the  product  of  the  transformation  possessed 
no  power  at  all  of  dissolving  the  alloyed  element  (in  this  case  Mn). 

With  regard  to  the  want  of  sharpness  in  the  freezing  of  pure  aluminium, 
he  had  often  seen  it  referred  to,  but  he  had  watched  the  freezing  of  many 
samples  of  the  purest  aluminium  with  very  deUcate  apparatus,  and  had  only 
found  abnormalities  very  rarely.  Accordingly  he  was  inclined  to  attribute 
these  abnormalities  when  they  did  occur  to  the  presence  of  some  impurity. 
Aluminium  intended  for  standardising  purposes  was  at  once  rejected  if  it  was 
found  to  show  this  abnormality  on  the  ground  that  it  was  then  impure.  How 
far  the  impurities  in  question  were  themselves  responsible  for  the  second 
arrest,  or  whether  they  merely  served  to  accentuate  or  accelerate  a  change 
which  in  pure  aluminium  was  too  feeble  or  perhaps  too  slow  to  be  detected, 
was  as  yet  an  open  question,  but  it  could  be  studied  by  observations  of  the 
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Fig.  9. 


alloys  of  aluminium  with  very  small  quantities  of  other  elements.  At  all 
events,  it  did  not  seem  probable  that  a  transformation  which  took  place  so 
very  near  the  initial  freezing-point  of  the  metal  or  alloy  could  be  utihsed 
technically  even  if  it  were  shown  that  the  occurrence  or  suppression  of  such 
a  change  would  exert  any  beneficial  influence  on  the  physical  properties  of 
the  alloys. 

Dr.  R.  Seligman  :  Mr.  Law's  Paper,  as  all  Mr.  Law's  contributions  to 
the  subject  which  he  has  made  his  own,  is  full  of  interest.  To  me  the 
present  Paper  is  especially  interesting  because  it  deals  with  a  metal  with 
which,  for  better  or  worse,  I  have  been  intimately  connected  for  a  number  of 
years.  I  must,  however,  commence  these  short  remarks  by  criticising  one 
of  the  -author's  first  statements.  He  remarks  that  aluminium  alloys  have 
been  somewhat  of  a  failure.  This  is  only  relatively  true.  True  it  is  that  the 
totally  unjustifiable  promises  held  out  to  the  engineering  industry  have  in  the 
course  of  time  been  found  to  be  baseless,  but  this  is  the  fault  of  the  extrava- 
gance of  those  promises  rather  than  of  the  shortcomings  of  the  alloys.     If  it 
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is  true  that  the  proportion  in  which  alloying  metals  can  be  profitably  added 
to  aluminium  is  small,  it  is  none  the  less  true  that  the  effect  which  these  small 
additions  have  on  aluminium  is  of  the  utmost  importance  to  engineers,  and 
Mr.  Law  would  be  the  last  to  deny  that  several  important  industries  would 
suffer  irreparable  damage  if  they  were  to  be  deprived  of  these  same  alloys. 
We  must  not  lose  sight  of  the  fact  that  to-day  there  are  at  least  a  score  of 
foundries  in  England  alone,  and  some  of  no  mean  size,  which  exclusively  cast 
aluminium  alloys.  One  more  point.  I  am  absolutely  convinced  that  even 
if  the  number  of  useful  alloys  is  not  to  be  largely  increased  by  research,  the 
more  exact  knowledge  of  the  existing  alloys  and  the  best  conditions  of  their 
preparation,  with  which  the  work  of  Mr.  Law  and  his  fellow  metallurgists 
is  furnishing  us,  will  have  the  effect  of  very  largely  increasing  the  utility  of 
the  various  compounds  of  aluminium  already  in  use  and  of  widely  extending 
their  uses  and  fields  of  application.  It  is  the  lack  of  certainty  and  reliability 
which  has  been  their  worst  enemy,  and  these  deficiencies  must  be  almost 
entirely  due  to  lack  of  definite  knowledge. 

With  regard  to  the  disintegration  of  many  aluminium  alloys,  Mr.  Law's 
observation  that  it  is  preceded  by  an  increase  of  volume  is  worthy  of  the 
most  careful  attention.  Even  more  so  is  the  fact  which  the  author  brings  out 
that  by  chilling  and  by  work  done  upon  them  immediately  after  formation 
the  disintegration  can  be  inhibited.  This  seems  to  open  a  field  for  very 
interesting  and  probably  valuable  research.  That  there  may  be  further  means 
of  preventing  disintegration  seems  at  least  possible.  I  have  in  my  collection 
an  iron  aluminium  alloy  which  was  formed  under  conditions  where  both 
chilling  and  work  were  absolutely  excluded.  After  nearly  six  years  the 
crystal  faces  are  as  bright  and  the  angles  as  sharp  and  well-defined  as  on  the 
first  day  of  their  formation  (Fig.  10).  Mr.  Law's  remarks  on  the  cooling  curve 
of  aluminium  are  of  particular  interest  to  me.  A  number  of  years  ago  I  was 
struck  by  the  very  striking  change  which  aluminium  undergoes  at  a  point 
some  distance  below  its  melting-point.  In  somewhat  the  same  manner  as 
tin,  aluminium  loses  all  tenacity  and  may  be  quite  readily  separated  into  its 
component  crystals.  The  phenomenon  is  not,  however,  quite  analogous  to 
that  shown  by  tin.  It  seemed  to  me  that  the  cooling  curve  might  show  an 
irregularity  at  the  same  point,  but  in  the  absence  of  suitable  instruments  I 
was  not  able  to  determine  this.='=  At  the  time  I  was  also  unable  to  find  any 
published  data  on  the  cooling  curve  of  aluminium.  It  is  clear  from  Mr. 
Law's  statements  that  the  break  in  the  curve  which  I  expected  is  actually 
found,  but  whether  it  has  any  connection  with  the  change  of  state  to  which 
I  have  referred  is  problematical.  If  Mr.  Law  is  correct  in  ascribing  it  to 
impurities  in  the  aluminium,  there  can  be  no  such  connection,  because 
the  purest  aluminium  obtainable  (about  99-8  per  cent.)  shows  the  same 
mechanical   change. 

In  concluding,  Mr.  Law  gives  expression  to  the  hope  that  in  the  apparent 
allotropy  of  aluminium  a  new  and  fruitful  field  of  work  may  be  discovered. 
My  hopes  of  this  are  not  high.  Moreover,  I  should  feel  that  we  had  suft'ered 
a  distinct  loss  if  the  attention  of  metallurgists  were  devoted  to  this  subject  at 
the  present  moment.  I  feel  that,  as  One  intimately  connected  with  the  alu- 
minium industry  in  all  its  aspects,  I  cannot  too  often  or  too  urgently  insist 
that  what  is  immediately  wanted  is  definite,  authoritative,  and  reliable 
information  as  to  the  methods  of  preparation  and  properties  of  the  alloys 
already  in  common  use. 

*  Dr.  Harker,  to  whom  I  referred  the  matter,  was  not  able  to  get  entirely 
satisfactory  results,  although  he  gave  me  to  understand  that  he  found  indications 
of  the  point  I  anticipated. 
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Dr.  J.  A.  Harker  said  he  had  experimented  with  the  samples  of  pure 
aluminium  given  him  by  Dr.  SeHgman  some  time  ago,  specially  with  a  view 
to  determine  whether  on  the  cooling  curve  any  indication  could  be  obtained 
of  the  point,  at  about  630°  C,  where  the  material  on  heating  reaches  a  pasty 
stage.  Dr.  Seligman  had  told  him  that  at  this  temperature  a  lump  of 
aluminium  when  hit  with  a  hammer  breaks  up  somewhat  like  dry  cheese, 
and  it  seemed  interesting  to  see  if  this  change  was  accompanied  by  any 
thermal  phenomenon.  He  had  found  only  very  uncertain  indications  of 
any  discontinuity.  The  experiments  themselves  were  nevertheless  perhaps 
worth  describing  briefly.  Owing  to  the  very  rapid  attack  of  the  usual  type  of 
porcelain  protector  tube  by  aluminium,  the  latter  is  rendered  impure  very 
quickly.  For  these  experiments  therefore  cylindrical  graphite  crucibles,  about 
I  in.  to  ij  in.  internal  diameter  and  3^  in.  to  4  in.  long  were  employed,  and 
the  porcelain  thermo-couple  protector  tube  was  replaced  by  one  turned  from 
a  rod  of  graphite.  The  walls  were  left  very  thin  for  the  lowest  two  inches  of 
the  tube.  This  arrangement  proved  very  satisfactory.  Using  this  com- 
paratively deep  type  of  crucible,  it  was  possible,  notwithstanding  the  low 
latent  heat  of  fusion  of  aluminium,  to  get  a  good  halt  at  freezing. 


Fig.  II.  Fig.  12. 

Mr.  E.  Ristori  asked  whether  the  author  had  tried  putting  mechanic^il 
work  into  spontaneously  decomposable  alloys  as  soon  as  they  were  cast,  and 
if  so,  what  the  effect  had  been. 

Mr.  W.  H.  Merrett  said  he  had  heard  Mr.  Law's  very  valuable  paper  on 
aluminium  with  great  interest.  Unfortunately,  he  had  no  knowledge  of  its 
contents  prior  to  the  meeting,  and  he,  therefore,  had  not  been  able  to  give 
the  theories  put  forward  any  serious  consideration,  but  he  felt  there  was  a 
large  amount  of  evidence  in  favour  of  the  existence  of  allotropic  forms  of  the 
metal. 

Much  had  been  said  about  the  peculiar  cooling  curves  obtained  with 
commercial  aluminium,  and,  as  long  ago  as  1895,  the  curves  taken  in  the 
Research  Laboratory  of  the  Royal  Mint  showed  these  eccentricities.  Although 
every  precaution  was  taken  to  obtain  accurate  records  of  the  cooling,  the 
curves  obtained  from  the  commercial  metal  almost  invariably  resembled 
Fig.  12  rather  than  Fig.  11,  and  there  was,  in  fact,  always  a  considerable  fall 
in  temperature  during  the  latter  portion  of  the  solidification. 

Dr.  Stansfield  investigated  this  matter  and  found  that  the  commercial  metal 
produced  at  that  time,  nevertheless,  had  a  constant  initial  solidification  point, 
indicated  at  A  (Fig.  12),  of  649°  C,  although  the  rest  of  the  solidification  varied 
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considerably  with  different  samples.  It  is  hardly  surprising  that  this  rapid 
fall  of  temperature  during  solidification  occurs  when  impurities  are  present, 
when  we  consider  the  fact  that  the  addition  of  so  small  an  amount  as  2-5  per 
cent,  of  gold  to  aluminium  will  reduce  the  melting-point  from   1063"  C.   to 

525°  c. 

Durin«  1896  and  1897  the  speaker  obtained  some  remarkable  curves  from 
certain  alloys  of  aluminium,  which  have,  however,  never  been  pubhshed. 
One  of  considerable  interest,  which  is  shown  in  Fig.  i3,isof  an  alloy  contain- 
ing about  18  per  cent,  of  aluminium  and  82  per  cent,  of  antimony. 

The  actual  solidification  occurred  at  about  1048°  C,  but  before  this 
happened  there  was  considerable  surfusion,  while  at  the  end  of  the  soHdifica- 
tion  a  large  evolution  of  heat  occurred.  These  curious  changes  are  indicated 
on  the  curve  at  A  and  B  respectively. 

It  appears  probable  that  the  metallic  compound,  SbAl,  which  was  first 
described  by  Wright  in  1892,  decomposes  after  solidification,  thus  giving  rise 
to  this  evolution  of  heat.  The  ease  with  which  alloys  containing  AlSb  break 
up  into  powder  and  rapidly  oxidise  substantiates  this  view. 

Dr.  Rosenhain's  remarks,  relating  to    double  eutectic  points  in  certain 
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aluminium  alloys,  rather  reminded  the  speaker  of  some  peculiar  phenomena 
he  obtained  at  the  Royal  Mint  in  1897,  while  investigating  the  gold-aluminium 
alloys.  He  found  a  series  of  double  changes  in  the  region  indicated  by  A 
and  B  in  Fig.  14. 

With  the  exception  of  the  lines  A  and  B,  the  equilibrium  curve  is  the  one 
obtained  by  Heycock  and  Neville.  The  second  series  of  changes  (line  B) 
appear  to  be  the  result  of  some  decomposition,  as  in  the  case  of  the  AlSb 
alloys,  and  they  are  accompanied,  in  most  instances,  also  by  an  evolution 
of  heat.  Unlike  the  AlSb  alloys,  however,  the  change  does  not  occur 
immediately  after  the  completion  of  the  solidification,  but  at  about  20°  C. 
below  this  point.     The  nature  of  the  change  is  shown  in  Fig.  15. 

A  represents  the  first  change  and  B  the  sudden  evolution  of  heat. 

The  high  surface  tension  of  aluminium  and  its  alloys  in  the  molten  state 
has  militated  considerably  against  its  use  for  castings.  In  no  way  has  this 
extraordinary  property  been  better  demonstrated  than  by  the  experiments  of 
Margot,  who  passed  an  electric  current  through  aluminium  wires  until  the 
metal  was  above  its  melting-point,  and  then  twisted  the  wires,  either  by 
means  of  a  small  motor  or  a  magnet,  through  an  almost  unlimited  number  of 
revolutions,  without  fracture. 

Curiously  enough,  5  per  cent,   of  bismuth  gives  a  malleable  alloy  with 


196     FAILURE   OF   THE    LIGHT   ENGINEERING   ALLOYS, 

aluminium  and  greatly   reduces  its   surface   tension   for   casting   purposes. 
This  metal  also  can  be  machined  with  ease. 
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On  the  whole,  one  cannot  help  feeling  that  the  results  obtained,  so  far, 
with  aluminium  alloys  have  been  somewhat  disappointing. 

Under  certain  conditions,  aluminium  and  its  alloys  oxidise  very  rapidly. 
This  is  particularly  the  case  with  AlSb  alloys  ;  the  one  previously  mentioned, 


Fig.  15. 


containing  18  per  cent,  aluminium  and  82  per  cent,  antimony,  will,  if  kept  for 
some  time,  drop  to  powder,  and  in  this  condition  it  refuses  to  melt  even  at 
1,100°  C;  owing  to  the  oxidation  of  the  aluminium  which  has  occurred. 

Mercury,  too,  has  a  great  influence  on  the  oxidisibility  of  aluminium.     If 
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an  aluminium  plate  be  rubbed  with  mercury,  it  will,  in  a  few  minutes, 
become  too  hot  to  hold  in  the  hand  and  large  flakes  of  alumina  will 
drop  off  it. 

Finely  divided  aluminium  when  mixed  with  an  easily  reducible  oxide  will, 
under  certain  conditions,  "  go  off "  with  explosive  violence,  and  this  is  particu- 
larly so  when  it  is  mixed  with  red  lead.  It  is  perfectly  possible  to  fire  such 
a  charge  of  finely  divided  aluminium  and  red  lead,  mixed  in  chemical 
proportions,  electrically,  by  means  of  a  bridge  wire,  and  even  with  two  ounces 
of  the  mixture,  suitably  enclosed,  a  considerable  effect  can  be  obtained.  He 
spoke  feelingly  in  connection  with  this  matter,  as  he  once  placed  such  a 
charge  in  a  fireplace  in  a  lecture-room,  hoping  thereby  to  minimise  the  amount 
of  lead  fume  in  the  room.  Unfortunately,  the  explosion  was  more  violent 
than  was  anticipated,  and  it  not  only  shattered  a  heavy  fire  screen  placed  in 
front  of  it,  but  it  also  effectually  cleaned  the  chimney,  which  had  apparently 
not  been  swept  for  some  considerable  time,  much  to  the  distress  of  the 
audience. 

Dr.  T.  Martin  Lowry  pointed  out  that  the  majority  of  metals  when 
alloyed  with  iron  harden  it,  decrease  its  permeability  and  increase  its 
retentiveness.  It  was  curious  that  in  the  case  of  aluminium  and  silicon  the 
reverse  took  place.  Aluminium  and  antimony  also  had  the  property  of 
developing  magnetic  properties  in  manganese — a  metal  which  in  the  pure 
state  was  devoid  of  marked  magnetic  properties.  He  did  not  know  whether 
these  three  elements  (Al,  Si,  Sb),  possessed  the  property  of  raising  instead  of 
lowering  the  transition-temperature  of  y  to  j3  or  a  iron  and  was  anxious  to 
secure  information  on  this  point.  He  might,  however,  call  attention  to  the 
fact  that  two  of  the  three  elements  (Al,  Sb)  were  amongst  those  that  showed 
an  expansion  after  solidification,  since  this  suggested  an  alternative  explana- 
tion, namely,  that  they  might  have  the  property  of  loosening  the  texture  of 
alloys  in  which  they  were  present  and  so  increase  the  "  softness ''  of  a 
magnetic  metal  such  as  iron  or  a  potentially-magnetic  metal  such  as 
manganese. 

Mr.  E.  F.  Law  {in  reply)  said  that  he  wished  to  thank  the  various 
speakers  for  the  very  generous  way  in  which  they  had  referred  to  his 
Paper.  It  had  been  written  very  largely  with  the  object  of  raising  a  dis- 
cussion, and  he  was  much  gratified  with  the  result.  During  the  discussion 
of  a  paper  interesting  points  were  raised  and  valuable  information  elicited 
which  would  otherwise  escape  publication,  and  for  that  reason  alone  the 
discussion  was  often  of  greater  value  than  the  paper  itself.  He  would  like  to 
take  this  opportunity  of  urging  the  desirability  of  publishing,  in  some  form  or 
other,  those  results  of  research  which  were  either  negative,  inconclusive,  or 
unexplained.  The  discussion  on  the  present  Paper,  for  example,  had  brought 
out  the  fact  that  as  far  back  as  1897  the  double  break  in  the  cooling  curve  of 
the  aluminium-gold  alloys  had  been  noticed  at  the  Royal  Mint,  and  doubtless 
the  phenomenon  had  also  been  observed  by  Heycock  and  Neville,  but  yet  the 
equilibrium  curve  of  these  alloys  was  invariably  given  without  this  second 
break,  presumably  because  no  explanation  was  forthcoming  of  its  existence. 
It  would  be  interesting  to  know  how  many  workers  had  since  noticed  the 
phenomenon  and  ignored  it  for  a  similar  reason. 

As  regards  Dr.  Seligman's  view  that  we  should  "  suffer  a  distinct  loss  if 
the  attention  of  metallurgists  were  devoted  to  this  subject  at  the  present 
moment,"  he  (Mr.  Law)  could  not  agree.  In  order  to  fully  understand  the 
properties  of  the  alloys  already  in  common  use,  it  was  essential  that  the 
properties  of  the  metals  should  be  investigated,  and  it  was  inconceivable 
that  any  investigation  which  would  throw  light  on  the  phenomena  occurring 
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in  single  metals  could  in  any  way  hinder  the  advance  of  our  knowledge  con- 
cerning their  alloys. 

In  reply  to  Mr.  Ristori,  the  effect  of  mechanical  treatment  in  preventing 
spontaneous  disintegration  had  been  briefly  referred  to  in  the  Paper.  The 
particular  alloys  referred  to  were  those  of  zinc  and  aluminium,  but  apart 
from  these  alloys  there  was  a  lack  of  information  on  the  subject.  It  was  a 
matter  for  congratulation  that  Mr.  Merrett  had  been  prevailed  upon  to  speak. 
He  was  a  perfect  mine  of  information  on  things  metallurgical,  and  when  he 
could  be  induced  to  talk  about  his  unpublished  researches,  his  contributions 
were  always  of  the  greatest  value  and  interest. 

Dr.  Roscnhain  and  Dr.  Seligman  both  adopted  the  view  that  the  failure 
of  the  aluminium  alloys  to  meet  expectations  was  rather  the  fault  of  the 
expectations  than  of  the  alloys.  This  is  another  way  of  stating  the  case,  and 
it  is  a  matter  of  choice  which  way  we  look  at  it. 

Dr.  Rosenhain  had  attempted  to  follow  the  disintegration  of  the  aluminium 
alloys  under  the  microscope,  and  evidently  his  efforts  had  been  no  more 
successful  than  his  own.  It  was  necessary  to  employ  a  high  power,  and  it 
was  extremely  difficult  to  observe  the  process  at  the  critical  time. 

Dr.  Rosenhain  has  taken  exception  to  a  remark  in  the  Paper  which,  he 
says,  was  made  "apparently  with  the  wish  to  suggest  that  the  thermal  arrest- 
points  were  in  reality  due  to  a  transformation  in  the  aluminium  and  not  to 
the  formation  of  a  eutectic."  He  adds,  "  If  Mr.  Law  had  seen  the  full  facts 
as  they  lay  before  himself  and  Mr.  Lantsberry  when  that  statement  was 
made,  this  criticism  would  not  have  been  made."  Precisely  :  but  some  of 
the  facts  had  been  suppressed  ;  and  the  criticism  was  surely  amply  justified 
inasmuch  as  Dr.  Rosenhain  had  admitted  the  existence  of  the  double  break, 
of  which  no  notice  had  been  taken  and  to  which  no  reference  had  been 
made.  Whether  this  property  of  the  alloys  could  be  utilised  technically 
or  not  was,  of  course,  an  open  question ;  but  there  was  certainly  no 
sound  scientific  reason  for  ignoring  it  and  treating  it  as  though  it  did 
not  exist. 


MERCURY   VAPOUR    LAMPS   AND   ACTION    OF    ULTRA 
VIOLET    RAYS. 

By   FREDERICK    MOLLWO   PERKIN,   Ph.D. 

{A  Paper  raid  before  the  Faraday  Society,  Tuesday,  June  21,  1910.) 

The  fact  that  a  brilliant  light  is  emitted  when  mercury  is  vaporised  in  an 
electric  arc  appears  to  have  been  originally  observed  by  Wheatstone  in  1835, 
who  described  its  characteristics  before  the  British  Association.  Its  illumi- 
nating power  was,  however,  not  realised  until  some  time  later,  when  in  1852 
E.  H.  Jackson,  of  Soho,  took  out  a  patent  for  a  mercury  lamp.  It  consisted 
of  carbon  electrodes,  the  lower  one  of  which  had  a  recess  to  contain  a  small 
quantity  of  mercury,  the  idea  being  to  provide  a  non-consuming  electrode. 
Christopher  Binks  about  a  year  later  produced  and  patented  a  lamp  having 
two  mercury  electrodes  which  were  enclosed  in  a  glass  case.  Provision  was 
also  made  for  condensing  the  vaporised  metal  to  the  liquid  condition  again. 
Professor  J.  T.  Way  patented  a  lamp  in  1856  which  was  described  in  the 
Times  of  August  3,  i860.  It  was  stated  at  the  time  that  this  lamp  produced  a 
more  brilliant  light  than  had  ever  been  seen  before.  A  jet  of  mercury  was 
caused  to  fall  into  a  fireclay  cup.  In  another  form  two  streams  of  mercury 
connected  with  the  opposite  poles  of  a  battery  played  against  each  other 
from  pipeclay  jets.  This  lamp  was  actually  exhibited  before  the  late  Queen 
Victoria  at  Osborne  House,  and  the  spectrum  was  examined  by  Dr.  J.  H. 
Gladstone. 

Charles  W.  Harrison  in  1857  produced  a  lamp  in  which  a  carbon  rod  was 
suspended  over  a  cup  of  mercury.  He  also  devised  a  method  of  using 
multiple  electrodes.  In  another  form  of  lamp  mercury  was  caused  to  drop 
on  a  carbon  rod.  Owing  to  the  diflficulties  of  obtaining  a  steady  arc  he 
endeavoured  to  control  it  by  means  of  an  electro-mechanical  device. 

In  1867  Sir  William  Siemens  made  a  mercury  lamp  which  had  a  vibra- 
ting electrode  dipping  into  a  mercury  cup.  The  light  of  this  lamp  was, 
however,  of  an  intermittent  nature.  Siemens's  idea  was  to  employ  this 
lamp  for  lighting  buoys  at  sea,  but  it  does  not  appear  to  have  ever  been 
employed  for  this  purpose.  The  next  attempt  to  produce  a  mercury  lamp 
appears  to  have  been  made  in  1875  by  W.  Prosser.  It  was  a  combined 
carbon  and  mercury  lamp,  the  object  being  to  overcome  the  flickering  which 
was  an  unpleasant  feature  of  the  original  arc  lamps.  Among  the  various 
other  attempts  to  produce  a  satisfactory  lamp  must  be  mentioned  that  of 
John  Rapieff  in  1879.  This  lamp  contained  a  condensing  chamber  for  the 
mercury  vapour,  and  could  be  started  by  shaking  the  mercury  or  by  an 
electro-mechanical  arrangement.  Very  little  advance  seems  to  have  been 
made  until  1896,  when  Messrs.  Dowsing  and  Keating  made  the  first  true 
vapour  lamp.    They  employed  the  principle  of  the  Geissler  tube — that  is  to 
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say,  a  partially  evacuated  tube — and  employed  an  alternating  current,  but 
found  it  advisable  to  warm  the  mercury  before  starting  the  lamp  in  order  to 
vaporise  it. 

The  first  lamp  which  attracted  any  public  attention  was  that  invented  by 
Mr.  Cooper-Hewitt,  of  New  York.  The  original  lamp,  the  result  of  long 
experimenting,  was  produced  in  1901,  but  was  not  introduced  in  Europe 
until  about  two  years  later.  One  of  the  difficulties  with  the  mercury  lamp 
was  the  tendency  for  it  to  go  out  owing  to  the  increase  of  pressure  of  the 
mercury  vapour  raising  the  electrical  resistance.  Mr.  Cooper- Hewitt  by  a 
determination  of  the  vapour  resistance  was  able  to  devise  a  lamp  in  which 
the  mercury  cooled  and  condensed  at  about  the  same  speed  as  it  vaporised. 

It  is  not  intended  in  this  paper  to  give  a  complete  history  of  the  mercury 
vapour  lamps,  but  to  draw  attention  to  the  employment  of  them  for  chemical 
and  physiological  purposes.  The  original  lamps  were  made  with  glass, 
which  absorbs  a  very  large  portion  of  the  ultra  violet  rays  thrown  out  by 
the  mercury  vapour  arc,  and  were  therefore  of  no  very  great  value  for 
these  purposes.  On  the  introduction  of  clear  fused  quartz  into  commerce, 
mainly  by  the  efforts  of  Messrs.  Johnson,  Matthey  &  Co.  and  the  Silica 
Syndicate,  aided  by  the  late  Professor  Shenstone,  F.R.S.,  mercury  vapour 
lamps  of  transparent  quartz  were  made.  In  Germany  Heraeus  has  done 
useful  work  in  this  connection. 

In  this  country  the  quartz  lamps  of  Cooper- Hewitt  pattern  are  being 
manufactured  by  the  Westinghouse  Cooper- Hewitt  Company,  Ltd.  The  arc 
is  struck  in  a  highly  exhausted  quartz  tube  by  tilting  so  that  mercury  makes 
contact  with  mercury,  and  then  breaking  contact.  Fig.  i  shows  a  photo- 
graph of  this  lamp  with  suitable  resistance  for  experimental  purposes.  The 
anode  end  of  the  tube  consists  of  a  bulb  into  which  the  mercury  vapour  con- 
denses, thus  preventing  rise  in  pressure  and  any  tendency  to  intermittent 
burning.  These  lamps  are  made  to  burn  on  200-250  and  ioo-130-volt 
circuits.  The  mean  specific  consumption  of  energy  on  a  220-volt  lamp  is 
0"22  watt  with  an  illuminating  power  of  3,630  c.p.  The  Bastian  lamp,  now 
called  "  Quartzlite,"  and  manufactured  by  the  Brush  Electrical  Engineering 
Company,  consists  of  a  straight  tube  about  ^  in.  diameter  and  6  in.  long,  and 
has  a  tantalum  button  as  anode.  The  negative  end  terminates  in  a  bulb 
containing  mercury,  and  the  positive  also  has  a  smaller  bulb  of  mercury 
which  makes  contact  with  the  tantalum.  Owing  to  the  tantalum  button 
being  raised  to  a  bright  red  heat  a  certain  quantity  of  red  rays  are  furnished, 
which  to  some  slight  extent  neutralise  the  peculiar  violet  of  the  mercury. 
The  important  action  of  the  tantalum,  however,  is  to  cause  continuous 
burning  once  the  lamp  is  started  by  tilting.  The  arc  at  the  positive  end 
does  not  play  from  the  mercury  but  from  the  tantalum,  consequently  no 
mercury  distils  over  to  the  negative  pole.  Further,  owing  to  the  large 
reservoir  of  mercury  at  the  negative  end,  it  is  kept  comparatively  cool,  and 
no  special  radiating  surfaces  are  required.  These  lamps  are  made  in  two 
sizes  to  work  on  100  and  250-volt  circuits. 

An  extremely  powerful  lamp  has  been  patented  by  Messrs.  H.  A.  Kent 
and  H.  G.  Lacell,  and  is  manufactured  by  the  British  Westinghouse  Com- 
pany. This  lamp  will  work  on  a  500  to  1,000- volt  circuit,  and  is  a  U-shaped 
quartz  tube.  One  of  the  difficulties  already  mentioned  in  causing  mercury 
vapour  lamps  to  burn  continuously  is  the  fact  that  the  anode  end  becomes 
heated  to  a  higher  temperature  than  the  cathode.  Consequently  there  is  a 
tendency  for  the  mercury  to  distil  from  the  hotter  anode  to  the  cooler 
cathode.  Messrs.  Kent  and  Lacell  overcome  this  difficulty  by  bending  round 
the  quartz  tube  so  that  the  anode  and  cathode  come  together,  and  the  heat 
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from  the  anode  raises  the  temperature  of  the  cathode.  The  lamp  is  illus- 
trated in  Fig.  2.  "  In  consequence  of  this  heating  of  the  negative  electrode, 
the  two  electrodes  automatically  adjust  themselves  in  such  a  way  that  the 
temperature  of  the  two  electrodes  is  the  same,  and  consequently  when  once 
the  arc  is  >tarted  through  the  mercury  vapour  there  will  be  no  greater 
tendency  for  mercury  to  be  lost  from  the  lamp,  working  at  a  constant 
pressure  of  mercury  vapour,  because  the  space  in  which  the  arc  is  formed  is 
saturated  with  mercury  vapour  at  the  working  temperature  and  the  arc 
remains  constant."*  An  interesting  point  in  connection  with  this  lamp 
is  that  it  is  not  evacuated.  The  lamp  is  started  by  heating  electrically  a 
small  coil  of  wire  placed  round  A.  When  the  lamp  has  started,  the  current 
is  automatically  cut  off  from  A. 

I  have  designed  a  lamp  for  experimental  purposes  which  was  made  for 
me  by  the  Silica  Syndicate.  The  chief  novel  point  about  the  lamp,  which  is 
made  of  fused  silica,  is  that  gases  can  be  circulated  through  it.     It  consists 
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of  a  silica  tubei3*5  in.  long,  which  terminates  at  cither  end  in  mercury  reser- 
voirs, electrical  contact  being  made  by  means  of  platinum  wires,  passing 
into  the  mercury.  The  tube  is  exhausted  and  the  arc  is  struck  in  the  usual 
manner  by  tilting.  My  original  idea  was  to  use  the  lamp  for  the  production 
of  ozone.  I  was  able  to  demonstrate  the  formation  of  ozone,  and  found 
that  the  yield  of  ozone  was  greatest  when  cold  water  was  allowed  to 
trickle  ;Over  the  lamp.  The  intense  heat  of  the  tube  of  the  lamp,  how- 
ever, is  rather  a  disadvantage  to  the  formation  of  large  quantities  of  ozone. 


Chemical  and  Physiological  Action  of  the  Ultra  Violet  Rays. 

The  ultra  violet  rays  have  extremely  powerful  chemical  and  physiological 
actions,  and  within  the  last  few  years  very  considerable  work  has  been  done 
upon  the  subject,  particularly  in  France.     It  seems  very  probable  that  the 

,    *  English  Patent  21,834,  1908. 
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ultra  violet  rays  will  in  the  near  future  be  found  of  great  use  in  chemical 
reactions. 

According  to  the  German  Patent  217,722  of  A.  Coehn  and  H.  Becker, 
it  is  claimed  that  sulphur  dioxide  and  oxygen  when  subjected  to  the  action 
of  the  ultra  violet  rays  produced  by  means  of  a  quartz  mercury  lamp  are 
converted  into  sulphur  trioxide.  The  reaction  appears  to  take  place  best 
with  lamps  of  low  intensity  when  the  gases  are  maintained  at  a  tempera- 
ture of  rather  above  300".  The  yield  of  sulphur  trioxide  is  also  increased 
by  cooling  the  reaction  mixture  in  stages. 

P.  Cernovodeanu  and  V.  Henri -'=  find  that  hydrogen  peroxide  is  decom- 
posed by  the  ultra  violet  rays  having  a  wave-length  below  2,900  Angstrom 
units,  so  also  is  potassium  iodide  in  presence  of  hydrochloric  acid,  leuco- 
derivatives  of  fluorescein  are  oxidised  and  paper  moistened  with  silver  citrate 
becomes  blackened. 

H.  Thiele  f  finds   that  combination    between   oxygen   and    hydrogen   is 

accelerated  by  the  ultra  violet  light  ;  the  presence  of  moisture  is  not  essential 

— indeed  the  reaction  velocity  is  somewhat  greater  with  the  dry  gases  than 

when   they   are   in   the    moist    condition.     Carbon    monoxide    and    oxygen 

combine  on  exposure  to  ultra  violet  rays,  but  less  readily  than  hydrogen  and 

oxygen.     Hydrobromic  acid,  as  might  be  supposed,  is  decomposed  by  air  in 

presence  of  the  violet  rays.     Egg  albumen,  peptone,  ammonium  oxalate,  and 

formic  acid  all  suffer  decomposition  by  the  action  of  the  ultra  violet  rays. 

N 
Potassium  nitrate  is  reduced  to  nitrite  and  oxygen  evolved.    In  an  —  solution 

of  potassium  nitrate  6'3  per  cent,  was  reduced  in  2*5  hours.  It  was  also 
found  that  when  water  containing  about  i  per  cent,  of  sulphur  in  suspension 
was  exposed  to  the  rays  for  a  period  of  three  days,  air  at  the  same  time  being 
passed  through  it,  0*5  mg.  of  sulphuric  anhydride  was  produced  in  20  c.c.  of 
water.  By  approaching  the  lamp  to  within  8  mm.  of  the  water  34"6  to 
44*8  mg.  of  anhydride  were  produced. 

According  to  the  German  Patent  223,419,  E.  Genthe  claims  that  oils  can 
be  readily  bleached  by  the  action  of  the  ultra  violet  rays. 


Sterilising  Action. 

Apparently  the  earliest  suggestion  of  sterilisation  by  means  of  the  ultra 
violet  rays  was  made  in  1877  ^y  Downes  and  Blunt,  but  practically  nothing 
was  done  at  the  time.  Sterilisation  by  the  sun's  action  is  made  use  of  in 
sewage  treatment.  It  is  found,  for  instance,  that  if  water  is  allowed  to  How 
in  a  more  or  less  thin  stream  in  contact  with  light  and  air,  the  bacteria  are 
very  largely  eliminated  in  a  fairly  short  distance.  This,  however,  is  not  the 
case  if  the  water  flows  in  the  dark.  The  amount  of  the  ultra  violet  rays 
which  reach  the  earth  is,  however,  very  small,  but  is  very  much  greater  at 
the  top  of  high  mountains,  where  it  produces  the  sometimes  very  paniful 
sunburn.  This  burning,  it  may  be  mentioned,  is  produced  in  a  very  severe 
form  when  operating  with  quartz  mercury  lamps,  unless  precautions  are 
taken  to  protect  the  skin.  It  is  still  more  important  to  protect  the  eyes, 
otherwise  very  serious  damage  may  result.  I  have  on  several  occasions  been 
most  painfully  affected  when  working  with  these  lamps,  and  on  one  occasion 
was  unable  to  open  my  eyes  for  live  hours,  the  eyes  at  the  same  time  smarting 
as  if  sand  had  been  rubbed  on  to  them.     Glasses  of  any   kind   are   some 

*  Comptes  reiuL,  1910,  549. 
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protection  to  the  eyes,  because  glass  is  to  some  extent  impervious  to  ultra 
violet  rays,  but  it  is  better  to  wear  red  glasses.  Whetlicr  the  action  on  the 
skin  might  ultimately  cause  a  form  of  dermatitis  is  not  known,  but  any  one 
working  with  the  lamps  should  take  precautions  not  to  expose  the  eyes,  and 
to  expose  the  bare  skin  of  the  face  as  little  as  possible. 

The  original  Cooper-Hewitt  lamps  were  made  of  ordinary  lead  glass,  and 
this  very  likely  accounts  for  the  fact  that  the  action  of  the  ultra  violet  rays 
has  only  quite  recently  been  studied. 

The  action  on  bacteria  is  extremely  rapid  and  deadly.  Sir  James  Dewar 
has  found  that  bacteria  are  not  destroyed  by  being  subjected  to  the  enormous 
degree  of  cold  produced  by  liquid  hydrogen ;  on  the  other  hand  a  very  short 
exposure  to  the  action  of  the  ultra  violet  rays  kills  them.  P.  Cernovodeanu 
and  V.  Henri  -  have  studied  the  action  of  the  rays  emitted  by  mercury 
lamps  on  a  variety  of  bacteria  in  emulsions  containing  10,000  to  100,000 
organisms  per  c.c. 

They  find  that  the  bacterial  action  of  the  ultra  violet  rays  decreases  more 
quickly  than  the  square  of  the  distance  of  the  source  of  light  from  the 
bacteria.  A  220-volt  lamp  is  five  times  as  active  as  a  iio-volt  lamp  when 
close  to  the  bacteria,  and  relatively  far  more  active  when  further  away.  The 
bactericidal  action  is  slightly  greater  when  the  layer  of  emulsion  is  thicker. 
Variations  in  temperature  from  0°  to  55°  C.  have  no  effect,  and  destruction  of 
the  bacteria  is  as  rapid  in  the  absence  of  oxygen  as  in  the  air.  Different 
species  of  bacteria  vary  in  their  resistive  power  :  whereas  B.  coli  is  killed  in 
15-20  seconds,  B.  subtilis  requires  30-60  seconds.  The  most  destructive 
of  the  ultra  violet  rays  are  those  possessing  a  wave-length  above  2,800. 
Protoplasm  absorbs  ultra  violet  rays  of  wave-length  above  2,900  ;  accordingly 
it  is  the  rays  absorbed  by  the  cell  protoplasm  which  have  the  bactericidal 
action. 

In  a  further  communication  •■'  the  same  authors  tind  that  wave-lengths  of 
3,022  units  will  pass  through  a  glass  screen,  but  rays  with  a  wave-length 
of  2,534  units  pass  through  one  of  viscose  ;  these  latter  have  300  times  the 
bactericidal  power  of  those  passing  through  glass.  Rays  passed  through 
a  quartz  screen  have  a  wave-length  of  2,224  units,  and  have  r,ooo  times  the 
bactericidal  action.  The  photochemical  action  is  also  increased,  but  not  to 
the  same  extent  as  the  bactericidal. 

The  British  Westinghouse  Cooper- Hewitt  Company  have  placed  a  small 
water  steriliser  on  the  market  which  will  sterilise  132  gallons  of  water  per 
hour.  The  apparatus  is  illustrated  in  Fig.  3.  The  water  enters  the  chamber 
formed  by  the  outer  cone  with  a  swirling  motion.  At  the  top  of  this  cone  it 
overflows  and  finds  an  outlet  at  the  bottom  of  the  inner  cone,  up  which 
it  rises  and  flows  out  of  the  discharge  pipe  at  B.  The  swirling  motion  of  the 
water  is  maintained  during  its  complete  passage  through  the  apparatus  in 
order  that  the  water  may  be  thoroughly  stirred  up  and  all  microbes  pre- 
sented to  the  action  of  the  light  twice. 

V.  Henri,  A.  Helbronner,  and  M.  de  Recklinghausen  have  constructed 
a  plant  to  treat  125  cub.  m.  of  water  per  hour,  an  amount  corresponding  to 
the  water  supply  of  a  town  of  20,000  inhabitants.  The  apparatus  consists 
of  a  pipe  curved  in  zigzag  fashion,  in  each  of  the  four  bends  of  which  is 
placed  a  Westinghouse  Cooper-Hewitt  lamp  suspended  from  a  float  at  a 
distance  of  2  cm.  above  the  level  of  the  water.  Each  lamp  is  provided  with 
a  reflector.  In  this  plant,  with  the  water  flowing  at  the  rate  of  36  cub.  m.  per 
hour,  water  infected  with  Bac.  coli  was  completely  sterilised  after  passing  the 
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second  lamp,  the  electrical  energy  expended  being  36  watt-hours  per  cubic 
metre. 

There  have  been  certain  difficulties  in  connection  with  the  sterilisation  of 
milk  and  butter  owing  to  the  ozone  which  is  produced  by  the  action  of  the 
rays.  It  is  a  peculiarity  of  these  products  that  they  retain  taste  and  smell 
with  great  tenacity.  If  some  method  can  be  introduced  which  will  prevent 
the  food  materials  coming  in  contact  with  ozone,  in  all  probability  the  ultra 


Fig.  3. — Section  of  Steriliser. 


violet  rays  will  also  be  found  of  great  advantage  as  a  food  steriliser.  I  have 
found  the  mercury  lamps  very  useful  in  photography,  as  one  can  print  off 
ordinary  P.O. P.  papers  very  rapidly  by  using  these  lamps.  The  chief 
difficulty  is  that  in  the  printing  frames  one  requires  to  use  glass  either  from 
the  glass  negatives  or  to  keep  the  films  flat.  If  it  is  possible  to  obtain 
absolutely  transparent  quartz  sheets  at  a  moderate  cost,  then  there  is  no 
doubt  that  there  will  here  be  another  great  use  for  the  quartz  mercury  lamps. 

•  Comptcs  rend.,  IQIO,  549. 


NEW  APPARATUS  FOR  THE  RAPID  ELECTRO-ANA- 
LYTICAL DETERMINATION  OF  METALS.  A  GLASS- 
FRAME  ANODE  FOR  USE  WITH  SILVER  AND  NICKEL 
CATHODES. 

By  henry   J.  S.  SAND,  Ph.D.,  D.Sc,   and   WILLIAM    M.    SMALLEY. 

{A  Paper  read  before  the  Faraday  Society,  Tuesday,  December  13,  1910, 
Mr.  F.  W.  Harbord  in  the  Cliair.) 

I.  Tlic  Apparatus,  by  H.  J.  S.  Sand. 

In  previous  publications'-''  apparatus  for  the  rapid  electro-analytical 
determination  and  separation  of  metals  has  been  described,  the  principal 
advantages  of  which  have  been  set  forth  in  detail.  Attention  is  here  only 
drawn  to  the  ready  adaptability  of  the  apparatus  to  varying  quantities  of 
electrolyte,  and  to  the  fact  that  the  efficiency  of  stirring  is  independent 
of  the  strength  of  current  employed.  These  advantages  are  absent  from  all 
those  methods  of  working  in  which  the  current  itself  is  utilised  to  stir  the 
liquid,  and  which  might  otherwise  appear  attractive  from  the  circumstance 
that  they  do  away  with  the  expense  of  a  motor. 

It  was  felt,  however,  that  the  amount  of  platinum  employed  essentially  made 
the  apparatus  somewhat  expensive,  and  the  present  communication  contains 
a  description  of  electrodes  which  may  be  used  in  a  very  considerable  number 
of  cases,  and  which,  while  retaining  as  much  as  possible  the  features  of  the 
former  apparatus,  only  require  a  minimum  amount  of  platinum.  This  has 
been  achieved  by  making  the  anode  wherever  possible  of  glass  and  the 
cathode  of  metals,  such  as  silver  or  nickel.  An  anode  made  largely  of  glass 
has  already  been  described  on  a  former  occasion  (loc.  cit.  a),  but  the  use  of 
this  has  been  discarded  owing  to  the  fact  that  it  was  too  fragile. 

Figs.  I  a  and  ib  show  the  apparatus  as  now  employed.  The  inner  electrode 
a  f  is  designed  to  be  gripped  at  the  top  by  the  clutch  described  {loc.  cit.  b), 
its  wide  glass  stem  rotates  inside  the  glass  tube  A,  which  latter  is  gripped  by 
the  collar  P  of  the  outer  electrode  and  held  by  the  clamp  of  one  of  the  stands 
previously  described.  In  this  electrode  platinum  is  only  employed  in  the 
gauze  cylinder  B,  in  the  strips  of  gauze  C  which  lead  into  the  interior  of  the 
electrode  to  the  copper  wire  D  and  in  the  strips  E  leading  out  at  the  top, 
which  are  wound  over  by  the  platinum  wire  F.  This  latter  forms  a  ring 
against  which  contact  is  made  b}'  the  blocks  of  the  clutch  previously 
referred  to. 

Attention  may  be  drawn  to  the  following  points.  All  connections  through 
the  glass  are  made  in  the  manner  previously  repeatedly  referred  to,  by  strips 
of  platinum  gauze.  In  the  present  case  these  strips  are  taken  in  threefold 
thickness  at  the  top  and  have  a  width  of  not  less  than  i  centimetre  below,  so 

'  {a)  Trans.  Cliein.Soc,  1907,  xci.,  373  ;  (b)  Traus.Cltein.  Sac,  i<)o8,xciii.f  1572  ; 
(c)  Trans.  Faraday  Soc,  1909,  v.,  159. 

t  The  inner  electrode  was  made  to  my  instructions  by  Universitatsrrechaniker 
a.  D.  Fritz  Kohler  of  Lcip/.ig. 
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that  it  is  possible  to  pass  currents  up  to  lo  amperes  through  the  electrode 
without  endangering  it.  The  gauze  cylinder  B  is  fitted  to  the  bottom  of  the 
electrode  by  blowing  the  glass  against  it.  At  the  top,  the  cylinder  stands 
off  from  the  glass  by  2  or  3  millimetres  in  order  to  allow  the  gas  bubbles 
which  are  thrown  inwards  in  consequence  of  the  action  of  centrifugal  force 
on  the  liquid,  to  escape  readily.  It  is  held  securely  by  four  small  protuber- 
ances g  on  the  glass.  The  copper  wire  is  held  in  the  interior  of  the  tube  H 
by  the  enamel  support  /.  The  platinum  wire  F  is  wound  in  such  a  manner  as 
to  allow  its  ends  to  be  twisted  together  at  the  bottom  so  that  there  is  no  risk 
of  its  being  pulled  off.  The  stem  is  widened  at  A'  just  enough  to  prevent  the 
tube  A  from  being  pulled  off,  but  not  enough  to  hinder  the  collar  P  of  the 


Figs,  ia  and  iij. 

outer  electrode  from  being  slipped  over  it.  The  contraction  of  the  stem  at 
L  serves  for  the  purpose  of  allowing  the  space  between  the  latter  and  the 
guide-tube  A  to  be  washed  down  readily  with  a  few  drops  of  water  bet  ore 
disconnecting.     The   total    weight    of    platinum  in  this  electrode  is  about 

5  grams.  •        ,  , 

For  copper  determinations  a  cathode  of  silver  was  used;  for  znic  deteimi- 
nations  one  of  nickel  was  employed.  In  the  former  case  the  electrolytic 
deposit  was  readily  removed  at  the  end  of  an  experiment  by  means  of  a  hot 
dilute  sulphuric  acid  solution  (i  :  10)  to  which  some  hydrogen  peroxide 
(2^   c.c.   perhydrol    per    100   c.c.)    had    been    added.     The    same   stripping 
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solution  was  used  a  ver}'  considerable  number  of  times.  The  use  of  a  nickel 
cathode  for  zinc  determinations  is  not  novel  and  needs  no  further  comment. 

The  cathodes  do  not  differ  very  essentially  from  those  previously  de- 
scribed, but  great  attention  has  been  paid  to  design  them  in  such  a  manner 
that  they  may  be  constructed  without  much  trouble  with  the  appliances 
usually  available  in  a  chemical  laboratory.  The  electrode  is  made  only  of 
two  principal  pieces,  viz.,  (i)  the  frame,  which  is  cut  from  a  single  piece  of 
metal  sheet  of  about  half  a  millimetre  thickness  and  bent  into  the  shape 
shown,  and  (2)  the  gauze.  From  the  latter  a  cylinder  is  lirst  constructed  and 
the  final  form  is  obtained  by  introducing  eight  small  pleats  at  the  top,  the  size 
of  which  can  be  easily  calculated  beforehand.  These  pleats  also  serve  to 
hold  the  frame  in  its  place  at  the  top  of  the  gauze,  whereas  it  is  fastened 
below  by  means  of  four  stout  rivets.  For  the  silver  cathode  fairly  coarse 
gauze  (Kahlbaum's  coarse  gauze)  was  employed.  Owing  to  the  softness  and 
brittleness  of  the  metal  it  was  found  desirable  to  leave  no  loose  ends,  but  to 
finish  off  all  the  edges  in  the  oxygen  blowpipe.  It  was  found  easiest  to  do 
this  by  removing  a  few  horizontal  threads  and  then  melting  down  the  pro- 
jecting ends  of  the  vertical  wires.  In  a  similar  way  the  vertical  joint  in  the 
gauze  cylinder  was  made  by  removing  a  few  of  the  vertical  wires  so  that 
about  5  mm.  of  the  horizontal  threads  protruded  from  each  end.  These  latter 
were  then  twisted  together  and  the  ends  thus  obtained  were  fused  down  and 
flattened,  thus  giving  to  the  joint  the  appearance  shown  in  the  figure.  In  the 
case  of  the  nickel  cathodes  fusing  of  the  loose  wires  was  obviously  not 
feasible,  but  it  was  here  unnecessary  owing  to  the  much  stiffer  nature  of  the 
material.  The  ends  were  simply  pleated  over  and  joints  made  where  necessary 
by  fastening  with  either  nickel  rivets  or  wire.  The  mesh  used  was  11  per 
linear  centimetre. 

The  electrodes  may  conveniently  be  formed  on  suitable  glass  dummies, 
which  may  also  be  employed  to  return  them  to  their  proper  shape  if  they 
should  accidentally  be  bent  out  of  form.  Copper  electrodes  may  also  be 
made  by  the  identical  process  employed  for  those  of  silver. 

With  regard  to  the  practical  application  of  these  electrodes  the  following 
remarks  may  be  made.  The  numbers  given  by  Mr.  Smalley  prove  that  in 
copper  determinations  it  is  possible  to  obtain  as  good  results  with  them  as 
with  platinum  electrodes.  There  appears,  however,  to  be  an  appreciable 
difference  in  favour  of  the  platinum  with  regard  to  the  slowness  with  which 
the  copper  goes  into  solution  during  the  process  of  disconnecting.  Rapid 
work  is  therefore  desirable  during  this  operation,  and,  if  possible,  a  large 
current  should  be  kept  passing. 

This  experience  is  easy  to  explain  when  we  remember  how  very  much 
greater  the  polarisation  capacity  of  platinum  is  than  that  of  silver,  in  conse- 
quence of  the  greater  solubility  of  hydrogen  in  the  former.  Harmful  couples 
between  the  copper  and  the  metal  of  the  cathode  will  thus  arise  more  quickly 
in  the  case  of  silver  than  in  that  of  platinum. 

A  slight  blackening  at  the  top  of  the  frame  of  the  silver  electrode  generally 
takes  place  after  electrolysis  owing  to  the  action  of  ozone,  but  apparently 
does  not  affect  the  results  appreciably. 

The  zinc  determinations  caused  no  more  difficulty  with  the  nickel 
electrode  than  with  that  of  platinum.  The  zinc  was  removed  by  warm 
dilute  hydrochloric  acid,  and  the  electrode  became  slightly  discoloured  after 
some  time  without  any  effect  on  the  results.  The  glass  of  the  stem  of  the 
anode  and  of  the  guide-tube  is  ground  down  slightly  during  use  and  is  found 
as  a  turbidity  in  the  exhausted  liquids,  but  no  effect  of  this  on  the  results 
was  noticed. 
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In  conclusion,  attention  may  be  drawn  to  a  stand  illustrated  in  Fig.  2 
which  has  been  designed  to  take  all  the  auxiliary  apparatus  required  during 
analysis.  It  will  be  seen  that  there  is  a  compartment  at  the  back  in  which 
the  circular  block  of  wood  used  for  raising  the  tripod  is  visible.  In  front  of 
it  there  is  a  compartment  for  the  thermometer,  and  in  front  of  this  a  com- 
partment for  the  spht  cover-glasses.  The  alcohol  and  ether  jars  are  held  in 
recesses,  by  means  of  a  wooden  bar,  in  such  a  manner  that  it  is  impossible  to 
upset  them.  This  bar  is  held  by  two  round-headed  screws  (not  visible)  and 
has  two  vertical  slits  which  allow  it  to  be  slipped  into  position  or  removed 
without  undoing  the  screws.  The  base  of  the  stand  is  extended  in  front  to 
give  it  more  stabilit}',  and  the  wash-bottle  and  spare  beaker  required  in 
analysis  may  conveniently  be  placed  on  the  extension. 

Mention  may  also  be  made  of  the  fact  that  Mr.  Smalley  has  often  found  it 
convenient  to  replace  the  glass  cover-glasses  by  such  cut  from  pieces  of  mica. 

2.  Results  obtained  with  the  foregoing  Apparatus  in  the  Analysis  of  Solutions 
containing  Copper  and  Zinc.  The  Determination  of  Zinc  from  Citric  Acid 
Solutions  by  W.  M.  Smalley. 

Copper. — A  standard  solution  of  copper  sulphate  was  made  by  dissolving 
a  known  weight  of  purest  electrolytic  copper  (Kahlbaum)  in  nitric  acid, 
evaporating  down  to  dryness  with  a  small  excess  of  sulphuric  acid  and 
diluting  to  i  litre.  25  c.c.  of  the  solution  thus  obtained  were  calculated  to 
contain  0*3025  gram  of  copper,  and  the  electro-analysis  with  platinum  elec- 
trodes confirmed  o'3025  gram.  Known  quantities  of  this  solution  were  taken 
for  each  determination. 

To  obtain  good  results  warm  solutions  were  always  employed.  The 
difficulty  of  washing  the  deposit  without  loss  was  minimised  by  having  only 
very  small  quantities  of  nitric  acid  in  the  electrolyte.  At  the  same  time 
it  was  found  better  not  to  do  away  with  this  acid  altogether,  since,  as  is  well 
known,  it  improves  the  density  of  the  deposit  very  much.    The  general  mode 
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Temp. 

Time. 

Cone. 
HNO3 

Cone. 

H2SO4. 

Taken. 

Found. 

Grams. 

Grams. 

°C. 

Mins. 

c.c. 

c.c. 

I 

0-3025 

0-3021 

IO-5-IO 

2  9-3  "5 

55-64 

7 

01 

0-7 

2 

0-3025 

0-3023 

IO-5-IO 

2-7-4-0 

58-61 

6 

o-i 

0-7 

3 

0-3025 

0-3023 

10-5-  8 

2-6-4-1 

55-58 

6 

o-i 

07 

4 

0-3025 

0-3022 

I 0-5- 10 

2-8-4-0 

50-55 

6 

O-I 

0-7 

5 

0-6050 

0-6046 

IO-5-IO 

2-6-3-7 

60-64 

9 

O-I 

0-7 

6 

0-9075 

0-9075 

IO-5-IO 

2-5-3-« 

62-65 

10 

O-I 

0-7 

7 

00605 

0-0600 

I 0-5- 10 

2-8-3-9 

50 

5 

— 

0-5 

8 

00605 

0-0603 

IO-5-IO 

29-4-6 

50-70 

8 

O-I 

0-7 

9 

00605 

0-0599 

IO-5-IO 

2-6-3-8 

50-57 

7 

0-5 

07 

10 

00302 

00300 

IO-5-IO 

2-9-4-0 

55-61 

3 

O-I 

0-7 

II 

0-0302 

0-0299 

IO-5-IO 

2-7-4-0 

50-65 

4 

0-5 

0-5 

12 

00300 

0-0298 

IO-5-IO 

3-0^4-2 

58-62 

4 

0-5 

0-5 

of  working  consisted  in  depositing  the  bulk  of  the  copper  with  10  amperes 
as  long  as  the  solution  showed  a  blue  colour,  then  removing  the  last  traces 
with  5  amperes  until  the  ferrocyanide  or  the  hydrogen  sulphide  test  showed 
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Fig.  2. 
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the  liquid  to  be  free  from  copper  and  then  increasing  the  current  to 
10  amperes  during  the  process  of  disconnecting.  The  beaker  employed 
was  a  narrow  form  200  c.c.  beaker,  and  the  amount  of  electrolyte  used  was 
no  to  120  c.c.-''  Table  I.  will  show  that  the  results  obtained  under  these 
conditions  with  varying  quantities  of  copper  are  practically  as  good  as 
those  usually  got  by  means  of  platinum  electrodes. 

Zinc. — For  the  examination  of  the  deposition  of  zinc  a  standard  solution 
was  made  up  by  dissolving  a  known  quantity  of  purest  zinc  (Kahlbaum) 
in  nitric  acid,  evaporating  off  the  latter  with  a  small  excess  of  sulphuric  acid 
on  the  water-bath  and  then  making  up  to  a  known  volume.  The  strength 
of  the  solution  was  checked  by  electro-analysis  according  to  the  acetate 
method  with  platinum  electrodes  and  found  correct  within  the  usual  limits 
of  error. 

Table  II.  will  show  that  equally  accurate  results  are  obtained  with  the 
present  electrodes  by  the  acetate  method  as  with  tiiose  of  platinum. 

Table  II. 


Zinc. 

Amperes. 

Volts. 

Temp. 

Total  Amount  of — 

No. 

Taken. 

Found. 

H2SO4 
Cone. 

NaOH. 
Grams. 

Glac. 

Acetic. 

Grams. 

Grams. 

•=0. 

c.c. 

c.c. 

Mins. 

I 

0"3067 

0-3050 

3 

4-6 

16 

0-75 

2 

4 

20 

2 

03067 

0-3054 

3 

47-5-4 

15-18 

o'75 

2 

4 

20 

3 

0-3067 

0-3082 

3 

4-6 

15 

075 

2 

4 

30 

4 

0-3067 

0-3065 

3 

4-7-5-3 

17-20 

0-75 

2 

4 

30 

S 

0-3067 

0-3066 

3 

4-6 

18 

0-75 

2 

4 

30 

6 

0-3067 

0-3065 

4-3 

20 

0-75 

2 

4 

25 

7 

0-3067 

0-3064 

3 

4-8 

19 

0-75 

2 

4 

25 

8 

0-3067 

0-3069 

3 

4-9 

15 

075 

2 

4 

25 

9 

0-3067 

0-3070 

3 

4-4 

18 

0-7S 

2 

4 

25 

The  usual  procedure  was  adopted.  The  solution  was  generally  first  made 
fairly  acid  with  sulphuric  acid  to  cause  it  to  correspond  with  conditions 
actually  met  with  in  analysis,  it  was  then  made  alkaline  with  caustic  soda 
until  the  precipitate  first  formed  had  redissolved,  and  finally  acid  once  more 
with  acetic  acid.  During  analysis  a  drop  was  repeatedly  tested  with  litmus- 
paper,  and,  if  necessary,  the  solution  was  maintained  acid  by  the  addition  of 
more  acetic  acid.  The  temperature  was  kept  low  by  allowing  the  beaker  to 
stand  in  a  large  crystallising  dish  containing  cold  water.  The  liquid  was 
tested  for  freedom  from  zinc  after  the  experiment  by  means  of  potassium 
ferrocyanide.  In  a  few  cases  it  was  also  electrolysed  to  constant  weight  of 
the  deposit. 

Citric  Acid  Solufions.—As  there  is  a  distinct  tendency  with  acetate  solu- 
tions for  the  results  to  be  very  slightly  high  when  the  liquid  is  completely 
exhausted,  the  following  experiments  were  carried  out,  in  which  the  acetic 
acid  was  replaced  by  citric  (Table  III.).  The  tendency  to  high  results 
appears  to  be  smaller  in  this  case,  but  a  longer  time  was  usually  required  to 
exhaust  the  electrolyte  completely. 

*  Since  these  experiments  were  completed  a  sinaller  cathode  has  been  made 
which  may  be  employed  in  a  130  c.c.  beaker  with  75  c.c.  of  electrolyte,  and  which 
would  thus  allow  the  determinations  to  be  completed  a  little  more  rapidly  than 
those  recorded. 
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Table  III. 


Zinc. 

Citric 

No. 

Taken. 

Found. 

Anipcres. 

Temp. 

H2SO4. 

Acid. 

Grams. 

Grams. 

°C. 

c.c. 

Grams. 

Grams. 

Mins. 

r 

07284 

0  7264 

5-3 

5-6-5-I 

21-23 

075 

3-2 

5 

60  1 
50  J 

Platinum 

2 

00182 

00182 

5-3 

5'9-5i 

20-27 

0-75 

2 

3 

copper  coated 

3 

03642 

03634 

5-3 

5'8-5-i 

17-22 

0-75 

24 

3-6 

60  \ 

4 

03642 

03638 

5-3 

SM-8 

20-24 

075 

2-4 

3-6 

60 

5 

07284 

0-7314 

5-3 

5-8-5-2 

20-22 

0-75 

2-4 

32 

65^ 

6 

0-0182 

0-0 1 80 

5 

5-5 

20 

0-75 

2 

3-5 

30 

7 

0-0273 

00279 

5 

58-52 

20-31 

0-75 

2 

35 

35 

8 

00091 

00094 

5 

57-51 

22-29 

0-75 

2 

35 

25 

Solutions  containing  both  Copper  and  Zinc. — In  the  following  two  experi- 
ments solutions  were  analysed  containing  both  copper  and  zinc,  the  identical 
method  being  employed  which  was  used  for  these  metals  singl)'. 

Table  IV. 


No 

Copper. 

Zinc. 

.Amperes. 

Volts. 

Temp. 

Time. 

Taken. 

Found. 

Taken. 

Found. 

I 

2 

0-3025 
0*6050 

0-3024 
0-6048 

0-36 
0-7284 

0-7262 

IO-5-IO 

I 0-5- 10 
3 

2  •9-3-8 

3-0-3-8 
4'i-4'3 

=C. 
55-62 

50-62 
28-32 

Mins. 

6 

7 
50 

The  amount  of  acid  present  in  the  copper  determination  of  No.  i  was 
o'l  c.c.  nitric  and  0-7  c.c.  sulphuric,  in  No.  2  it  was  o-i  c.c.  nitric  and  0-5  c.c. 
sulphuric.  In  No.  2  the  liquid  exhausted  of  copper  was  prepared  for  the 
determination  of  zinc  by  evaporating  down  on  a  water  bath  with  excess  of 
sulphuric  acid  to  expel  the  nitric  ;  the  residue  was  dissolved  in  water  made 
strongly  alkaline  with  caustic  soda  solution  until  the  precipitate  first  formed 
had  redissolved  (8  grams  NaOH),  and  then  acid  again  with  citric  acid 
(15  grams). 

The  following  additional  remarks  may  be  made  regarding  the  use  of  the 
electrodes.  When  it  was  necessary  to  clean  them  thoroughly  before  a  first 
determination,  this  was  done  by  boiling  first  with  caustic  soda  solution  and 
afterwards  by  treatment  with  nascent  hydrogen,  obtained  by  electrolysing 
dilute  sulphuric  acid  with  a  high  current  density.  In  the  case  of  the  silver 
electrode  an  appreciable  amount  of  blackening  of  the  upper  part  of  the 
frame  took  place  during  this  process,  owing  to  the  production  of  ozone  at 
the  anode.  It  was  found  best  only  to  remove  as  much  of  this  as  could  be 
rubbed  off  with  a  silk  handkerchief,  but  it  was  not  desirable  to  remove  the 
black  deposit  completely  by  ignition,  since  this  leaves  the  surface  of  the 
silver  in  a  somewhat  porous  state,  in  which  it  is  specially  liable  to  further 
attack  by  ozone  in  future  determinations. 

The  method  of  washing,  disconnecting,  and  drying  is  practically  identical 
with  that  used  for  platinum  electrodes. 
University  College,  Nottingham, 
September,  1910. 
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DISCUSSION. 

The  Chairman,  in  proposing  h  vote  of  thanks  to  the  author  for  liis 
Paper,  remarked  that  in  order  to  prevent  copper  flowing  back  into  the  solu- 
tion, he  was  accustomed  to  use  a  beaker  with  a  tap  in  it  and  run  off  the 
sohition  while  the  current  was  passing. 

Dr.  Sand  (/;;  reply)  :  He  employed  an  ordinary  beaker,  which  was 
lowered  from  under  the  electrodes  while  the  current  was  passing  and  the 
motor  running  ;  the  outer  electrode  was  at  the  same  time  washed  from  a 
wash-bottle.  When  the  level  of  the  liquid  came  below  the  electrodes  the 
motor  was  stopped,  the  outer  electrode  was  washed  round  once  more  from 
tlie  wash-bottle  and  the  beaker  then  replaced  by  an  empty  one.  The  advan- 
tage of  this  method  of  washing  over  that  employed  by  the  Chairman  was, 
that  it  was  possible  to  employ  a  much  smaller  amount  of  wash-water,  not 
exceeding  10  to  20  c.c,  and  according  to  his  experience  there  was,  if  possible, 
a  smaller  tendency  to  lose  metal  into  the  solution  during  the  process  of  dis- 
connecting. 


SEPARATION     OF     OXYGEN     BY     COLD. 
By  JAMES   SWINBURNE,    F.R.S.     Presidext 

A  Paper  read  before  the  Faraday  Society,  Tuesday,  December  13,  1910, 
Mr.  F.  W.  Harbord,  Vice-President,  in  the  Chair.) 

This  industry  has  arisen,  almost  by  accident,  out  of  that  of  the  liquefaction 
of  gases.  It  had  long  been  the  ambition  of  scientific  men  to  liquefy  first  one 
gas  and  then  another  ;  the  liquefaction  of  such  gases  as  oxygen,  hydrogen, 
and  nitrogen  being  a  sort  of  North  Pole  to  be  reached.  It  is  doubtful 
whether  reaching  the  North  Pole  is  of  any  value  to  anybody  but  newspaper 
men,  whereas  the  production  of  very  low  temperatures  was  bound  to  increase 
our  knowledge  very  materially.  Like  most  researches  that  appear  at  first  to 
have  purely  increase  of  knowledge  value,  low  temperature  work  has  proved 
to  be,  in  addition,  of  direct  commercial  importance. 

Though  the  separation  of  gases  by  cold  has  arisen  out  of  the  liquefaction 
of  air,  the  two  problems  are  not  quite  the  same.  Leaving  out  of  account  the 
details  of  the  machine  employed  for  the  moment,  we  may  consider  an 
apparatus  as  a  closed  vessel,  insulated  to  prevent  heat  getting  in  through 
the  walls,  and  having  two  pipes.  In  at  one  pipe  we  may  assume  that  air  at 
the  temperature  of  the  room,  but  at  a  higher  pressure,  enters  the  machine  ; 
from  the  other  the  same  air  comes  out  again  at  the  pressure  and  tem- 
perature of  the  room.  Air  under  high  pressure  has  less  internal  energy  than 
the  same  mass  of  air  at  the  same  temperature  and  lower  pressure,  so  that  if 
air  is  continually  going  into  the  apparatus  at  the  temperature  of  the  room 
and  at  high  pressure,  and  coming  out  again  at  the  same  rate  at  the 
temperature  and  pressure  of  the  room,  more  energy  is  coming  out  of  the 
apparatus  than  is  going  in.  This  is  impossible  as  a  permanent  regime.  It 
cannot  be  put  right  by  less  air  coming  out  than  goes  in,  because  that  would 
mean  an  accumulation  of  air.  A  balance  can  be  obtained  by  taking  out  most 
of  the  air  at  the  pressure  and  temperature  of  the  room,  with  a  higher  internal 
energy  per  kilo,  while  a  little  of  the  air  comes  out  at  a  low  temperature,  with 
less  internal  energy  per  kilo.  This  portion  may  be  quite  small,  and  may  be 
liquid. 

But  the  air  is  supplied  under  pressure,  and  conies  out  at  the  pressure  of  the 
atmosphere,  so  it  must  be  expanded  inside  the  apparatus,  and  as  there  is  no 
way  of  getting  the  energy  of  expansion  out  of  the  apparatus  as  described,  it 
must  be  converted  into  heat,  provided  it  is  expanded  irreversibly.  This  means 
loss  of  power,  which  is  a  small  point,  and  production  of  heat  just  where  it  is 
not  wanted,  which  is  a  serious  matter.  If,  therefore,  in  addition  to  the  three 
pipes,  there  is  communication  by  a  shaft,  and  the  apparatus  may  be  arranged  so 
that  the  expansion  of  the  air  works  some  sort  of  engine  which  turns  the  shaft 
so  that  work  is  given  out,  the  yield  of  the  liquid  air  must  be  larger.  The 
ideal  liquid-air  machine  would  therefore  take  in  compressed  air  and  give  out 
air  at  the  same  temperature,  but  at  the  pressure  of  the  atmosphere  ;  and  a 
stream  of  liquid   air,  and  as  much  power  as  possible,  would  be  given  out 
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mechanically  through  a  shaft  or  other  mechanical  transmitter.  It  will  be 
explained  presently  that  the  Linde  separation  process  is  nearly  reversible, 
capable  of  being  but  little  improved  by  giving  out  energy. 

It  is  generally  assumed  that  the  problem  of  the  separation  of  gases  is  sub- 
stantially the  same.  This  is  not  the  case,  however,  and  the  overlooking  of  the 
difference  has  led  inventors  and  designers  of  such  apparatus  into  a  series  of 
absurd  mistakes. 

Take  the  ideal  apparatus  for  separating  gases  ;  we  have  a  pipe  leading 
in  gas  under  pressure  at  the  temperature  of  the  room,  and  two  pipes  coming 
out ;  one  carrying  o.xygen  more  or  less  pure  and  the  other  nitrogen  more  or 
less  pure,  at  the  temperature  and  pressure  of  the  room.  Now  the  internal 
energy  of  the  gases  coming  out  is  greater  than  that  of  the  compressed  gas 
going  in,  and  if  the  energy  were  alone  to  be  considered,  once  the  apparatus 
was  started  and  got  into  running  order  as  regards  temperatures,  air  might  go 
in  at  the  pressure  and  temperature  of  the  atmosphere,  and  come  out  as 
oxygen  and  nitrogen  at  the  temperature  and  pressure  of  the  atmosphere,  the 
process  being  continuous  and  costing  nothing  appreciable.  But  as  the 
apparatus  cannot  be  made  quite  heat-tight  in  practice,  the  air  might  have  to 
go  in  under  slight  compression,  so  as  to  have  slightly  less  internal  energy 
than  the  gases  coming  out ;  the  difference  being  just  enough  to  compensate 
for  the  leakage  of  heat  through  the  casing  of  the  apparatus.  This  is  an  ideal 
apparatus  which  several  inventors  have  designed  ;  but  it  is  not  possible  to 
make  such  an  arrangement  work. 

The  energy  is  not  the  only  quantity  to  be  considered.     Let  us  return  to 
the  simple  case  of  an  apparatus  which  is  perfectly  heat  insulated,  fed  with 
air  at   the  pressure  and  temperature  of  the  room,  giving  out  oxygen  and 
nitrogen  separately  at  the  same  temperature  and  pressure.     The  entropy  of 
the  separated  gases  is  less  than  the  entropy  of  the  air  going  in,  so  if  the 
process  is  continuous  there  must  be   a  continual  disappearance  of  entropy 
inside  the   apparatus,   which  is  not  thinkable.      Air   at   a    higher   pressure, 
but  at  the  temperature  of  the  room,  has  less  entropy,  so  it  may  be  supposed 
we  can  get  things  right  by  compressing  air  until  it  has  the  same  entropy 
as   a  compressed  mixture,    as   the   issuing    gases  have  as  they   come    out. 
We    would  then    have  an  entropy  balance.      This   will   not   suffice  in   the 
ordinary  course,  however,  because  the  compressed  air  must  be  expanded,  and 
if  that  is  done  irreversibly  inside  the  apparatus,  more  entropy  is  produced  there, 
and  to  make  a  proper  entropy  balance,  either  the  expansion  must  be  done 
reversibly,  or  air  must  be  so  compressed  that  its  entropy   is  reduced  below 
the  sum  of  that  developed  by  any  expansion  and  that  of  the  separate  gases. 
Imagine  this  done  ;  have  we  a  thinkable  machine  ?     No,  because  now  our 
energy  balance  is  wrong  ;  we  have  air  going  in  with  less  internal  energy 
than  the  gases  coming  out.     It  will  be  found  on  further  consideration  that 
the  energy  balance  is  got  right   by  using  imperfect    heat   insulation,  heat 
leaking  in  to  make  up  the  extra  energy  of  the  issuing  gases  over  that  of  the 
entering  air  ;  the  entropy  of  the  compressed  air  plus  the  entropy  due  to  the 
heat  leaking  in,  plus  any  entropy  due  to  irreversible  expansion  or  conduction 
of  heat  in  the  interchanger,  being  equal  to  the  entropy  of  the  gases  coming 
out.     If  desirable  the  case  may  insulate  perfectly,  and  some  of  the  air  or 
gases  may  be  delivered  continuously  in  the  liquid  state.     The  point  to  notice 
is  that  as  the  oxygen  and  nitrogen  coming  out  have  less  entropy  than  if 
they  were  mixed  at  the  same  temperature  and  pressure,  the  apparatus  has 
to  be  fed  with  compressed  air,  and  energy  is  therefore  needed  to  separate 
the  gases.     This  point  has  been  so  often  overlooked  that  it  is  necessary  to 
dwell  upon  it.     As  far  as  I  know  I  was  the  first  to  publish  it. 

Vol.  VI.    Parts  2  and  3.  ti^ 


214  SEPARATION    OF   OXYGEN    BY   COLD 

It  has  sometimes  been  supposed  that  because  the  gases  are  separated  at 
a  very  low  temperature  the  data  determining  the  energy  necessary  to 
separate  them  do  not  depend  on  the  difference  of  entropy  of  the  separate 
gases  and  the  mixture  at  the  temperature  of  the  room,  but  at  the  temperature 
of  separation.  This  is  erroneous  and  may  give  rise  to  further  mistakes. 
That  it  is  erroneous  is  clear  from  the  illustration.  Suppose  the  difference 
of  entropy  of  cold  gases  separate  and  cold  gases  mixed  is  less  than  the 
corresponding  difference  at  the  temperature  of  the  air ;  even  if  the  entropy 
of  the  entering  air  is  reduced  enough  to  compensate  for  this  only,  and  not 
for  the  entropy  of  the  issuing  gases,  the  entropy  balance  of  the  machine  as 
a  whole  is  wrong.  Heat  leaking  in  is  difficult  to  value,  as  there  is  an  irrever- 
sible change  as  the  heat  is  conducted  to  the  cold  gases,  which  means 
increase  of  entropy  ;  and  there  is  increase  of  entropy  due  to  irreversible 
expansion.  For  simplicity  take  a  heat-tight  case,  and  the  energy  balance 
kept  right  by  drawing  out  a  small  stream  of  liquid  air.  Then,  if  there  is  no 
irreversible  process  inside  the  apparatus,  there  is  no  growth  of  entropy  in 
it ;  and  the  entropy  of  the  gases  coming  out,  plus  the  entropy  of  the  liquid 
coming  out,  must  be  equal  to  the  entropy  of  the  air  going  in.  In  other  words, 
the  entropy  balance  depends  on  the  entropy  of  the  issuing  and  entering 
streams,  and  not  on  the  entropy  of  the  gases  at  some  inside  point  where 
they  are  at  very  low  temperatures,  though  the  separation  actually  takes 
place  there. 

To  make  the  matter  clearer  it  may  be  better  to  put  the  entropy  question 
more  fully.  The  change  of  entropy  of  a  gas  may  be  split  up  into  entropy  of 
change  of  volume,  which  varies  as  the  logarithm  of  the  volume  or  of  the 
free  path  of  the  particles,  and  entropy  of  change  of  temperature,  which  varies 
as  the  logarithm  of  the  speed  of  the  particles.  We  may  call  these  two,  the 
volume  and  the  speed  entropies,  (p^,  and  (ps-  When  two  gases  mix,  the  volume 
of  each  increases  in  a  way — that  is  to  say,  it  pervades  a  larger  space,  and  the 
molecular  free  path  of  each  particle  is  increased  if  you  take  into  account  the 
collisions  with  other  particles  of  the  same  gas  only.  The  mixture  of  two 
mutually  inert  gases  thus  involves  increase  of  entropy,  which  I  will  call 
entropy  of  mixture,  (p,,,.  As  this  depends  solely  on  the  logarithms  of  the  free 
paths,  it  depends,  in  the  case  of  two  gases  at  the  same  temperature  and 
pressure,  on  the  relative  volumes  of  the  gases  before  they  are  mixed. 

There  is  still  another  point  to  be  considered.  If  a  perfect  gas  is,  say, 
expanded  at  constant  temperature,  its  internal  energy  remains  the  same  ;  but 
such  gases  as  oxygen  and  nitrogen  have  a  slightly  larger  internal  energy  at 
the  larger  volume,  as  discovered  by  Thomson  and  Joule,  and  this  involves  an 
increase  of  entropy  in  excess  of  that  due  to  the  increase  of  mean  path  ;  this 
may  be  called  the  Kelvin  entropy  or  the  Joule  entropy ;  preferably  the  Kelvi.i 
entropy,  as  the  term  joule,  being  used  to  denote  the  unit  of  heat,  might  give 
rise  to  confusion.     We  may  call  this  cp^,  if  a  symbol  is  ever  wanted. 

We  may  imagine  a  closed  apparatus  with  entry  pipe  for  air  and  exits  for 
nitrogen  and  oxygen.  We  have  then  air  going  in  at  one  pipe  and  oxygen  and 
nitrogen  coming  out  at  two  others,  and  heat  leaking  in  from  the  outside. 
The  conditions  for  permanent  regime  are  that  the  internal  energy  of  the 
Oand  N  coming  out  must  be  equal  to  the  sum  of  the  internal  energy  of  the  air 
entering  and  the  heat  leaking  in.  If  this  were  all,  of  course  we  would  arrange 
no  heat  leakage,  and  let  the  air  come  in  and  the  oxygen  and  nitrogen  come 
out  at  the  pressure  and  temperature  of  the  air.  But  Vv'e  must  get  the  entropy 
balance  right  too— that  is  to  say  that  the  entropy  of  the  oxygen  and  nitrogen 
coming  out  must  be  at  least  equal  to  the  entropy  of  the  air  going  in,  and  if 
heat  is  leaking  in,  or  if  there  is  any  other  irreversible  process,  such  as  free 
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expansion  going  on  inside,  or  irreversible  conduction  in  tlie  interchangcr,  the 
entropy  of  the  gases  coming  out  must  be  greater. 

So  many  people  are  unfamiliar  with  this  way  of  discussing  such  questions, 
that  it  may  be  better  to  deal  with  the  matter  also  along  other  lines. 

As  the  separation  of  the  oxygen  and  nitrogen  is  carried  out  in  a  rectifier, 
we  may  discuss  the  action  of  the  rectifier,  taking  an  alcohol  rectifier  first  as 
being  more  familiar,  and  not  involving  out-of-the-way  temperatures  :  though, 
as  a  matter  of  fact,  it  is  in  a  way  much  more  troublesome  to  discuss. 

Fig.  I  shows  an  ideal,  or  paper,  diagram  of  an  alcohol  still  reduced  to  a 
simple  form.  A  mixture  of  50  per  cent,  alcohol  and  water  at  0°  C.  comes  in  at 
E  and  flows  through  a  heat  interchanger  G  until  it  reaches  80*^,  the  boiling- 
point  of  alcohol.  It  then  passes  up  the  pipe  H  to  the  top  of  the  rectifier  /. 
The  pipe  zigzags,  or  winds,  down  to  a  point  where  the  temperature  is  82°  the 
boiling-point  of  the  mixture.    The  liquid  is  then  discharged  into  the  rectifier, 
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Fig.  I, 

which  may  be  full  of  trays,  and  trickles  down  to  the  bottom  and  out  by 
the  pipe  F,  and  thus  to  the  interchanger  G.  The  alcohol  vapour  comes  olif  by 
the  pipe  JC,  and  is  nearly  all  condensed  at  A  and  passed  to  the  interchanger. 
The  water  and  alcohol  come  outat  o°,C.  at  D  and  C. 

The  rectifier  must  have  heat  supplied  at  B  to  boil  off  enough  steam  to  rise 
against  the  trickling  fluid,  and  assuming  all  the  parts  of  the  apparatus  heat 
tight  except  where  arrows  are  put,  we  have  coming  out  of  the  system  heat  at 
A,  where  the  alcohol  vapour  is  condensed,  and  at  F,  where  the  water  coming 
out  at  100°  is  cooled  to  80°  before^entering  the  interchanger.  As  alcohol  and 
water  heat  on  mixing,  the  output  from  D  and  C  have  higher  internal  energy 
than  the  ingo  at  E,  but  except  for  that,  all  the  heat  that  goes  into  the  inter- 
changer in  the  pure  water  and  pure  alcohol  goes  into  the  mixture  and  goes 
back  into  /  by  the  pipe  H. 

Suppose  the  still  deals  with  1  kilogram  of  mixture  per  minute,  500  grams 
of  water  come  down  the  pipe  L  so  the  heat  given  out  in  cooling  the  water  to 
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80°  is  obtainable.  The  lieat  of  mixture  of  water  and  alcohol  gives  the  extra 
internal  energy  of  the  output.  If  the  heat  capacity  of  the  mixture  were  the 
same  as  that  of  the  alcohol  and  water  separately,  the  water  and  liquid  alcohol 
entering  the  interclianger  would  just  heat  the  mixture  to  80°  as  they  cooled  to 
0°,  but,  as  might  be  expected  from  their  mixture  evolving  heat,  the  heat 
capacity,  in  which  is  really  involved  the  disgregation  energy,  is  higher,  so 
either  the  water  must  be  admitted  above  80°,  or  the  alcohol  must  not  be  all 
condensed  before  entering.  As  we  know  the  heat  of  vaporisation  of  alcohol, 
we  get  the  heat  we  could  get  out  at  A.  Knowing  the  quantity  of  heating 
coming  out,  we  know  the  heat  put  in  at  B.  It  might  be  thought  that  this  would 
be  anything  the  workman  liked  ;  this  is  not  so,  for  if  he  put  in  too  much, 
water  would  come  out  with  the  alcohol,  and  if  too  little,  alcohol  would  come 
out  with  the  water. 

The  broad  result  is  that  heat  has  to  go  in  at  100°  and  come  out  almost 
wholly  at  80°,  the  heat  being  roughly  the  heat  of  vaporisation  of  the  most 
volatile  liquid. 

To  see  what  happens  when  we  do  the  separation  by  mechanical  power  we 
can  imagine  an  ideal  heat  engine  worked  so  as  to  deliver  heat  at  100°  and  to 
take  in  heat  at  80°,  or  other  temperature.  If  it  does  not  get  in  enough  at  80° 
it  must  make  up  the  difference  by  direct  degradation  of  work  into  heat  or 
better  by  taking  in  heat  at  0°  ;  if  it  gets  in  more  than  is  wanted  at  80°,  it  can 
deliver  at  0°.  If  the  process  merely  involved  taking  in  the  heat  of  evapora- 
tion of  500  grams  of  alcohol  at  100°  and  giving  it  out  at  80°,  calling  the 
heat  H,  the  engine  would  have  to  take  in  H353/373  at  80°,  or  353°  A,  and  by 
doing  20H/373  of  mechanical  work  on  the  medium,  H  would  be  put  into  the 
rectifier  at  ioo°C.  The  20H/373  left  over  could  be  let  down  to  o,  doing 
(353  —  273)/353  X  20H/373  =  o'oi22H.  Thus  if  the  heat  of  vaporisation  were 
100,  the  first  engine  would  do  5'36,  and  the  other  engine  would  recover  i'22, 
so  that  the  total  mechanical  work  to  be  done  would  be  4"  15  of  the  heat  of 
vaporisation  of  the  alcohol,  or  18,000  joules  per  minute,  or  300  watts.  Instead 
of  adopting  the  rough  statement  that  we  have  to  supply  the  heat  of  vaporisa- 
tion of  the  alcohol,  we  may  work  the  example  out  approximately. 

The  alcohol  vapour  at  isT  carries  over  436,000  joules  as  compared  with  its 
liquid  state  at  the  same  temperature.  This  is  not  all  given  out  at  A,  because 
a  little  is  wanted  for  the  interchanger  G.  This  has  mixture  coming  in,  being 
heated  from  0°  C.  to  80"^  C,  and  500  grams  of  water  and  500  of  liquid  alcohol 
both  at  80°  C.  will  not  heat  it,  as  the  specific  heat  of  the  mixture  is  higher  than 
the  mean  of  the  components.  This  is  to  be  expected,  because  equal  parts  of 
alcohol  and  water  give  out  29,000  joules  per  kilogram  on  being  mixed,  so  the 
disgregation  energy  of  the  mixture  must  be  greater,  and  the  heat  taken  in 
between  0°  and  80°  is  largely  disgregation  energy.  The  extra  heat  needed  is 
about  34,800  joules.  This  is  returned  to  the  rectifier  by  the  hot  mixture,  so  we 
get  out  436,000  —  34,800=401,200  joules  at  A.  We  also  get  42,000  by  the 
water  coming  out  at  L  at  100°  C.  and  being  cooled  to  80^^  C.  before  entering  the 
exchanger  G.     We  thus  have  to  supply  443,200  joules  at  100°  C.  at  B. 

The  heat  of  the  water  in  L  may  be  utilised.  The  difference  of  entropy 
of  500  grams  between  100°  C.  and  80°  C.  is  1 16-5  in  practical  units,  so  the 
heat  put  in  at  100°  C.  is  373  X  116-5  =  43,500  joules  ;  of  which  42,000  are 
from  the  heat  of  the  water  and  1,500  from  work  done.  This  leaves  399,700 
to  be  supplied  by  an  ideal  engine  working  between  A  at  80°  C.  and  B  at 
100°  C.  Such  an  engine  will  take  in  378,280  as  heat  and  put  in  21,420  as 
work.  But  there  are  401,200  joules  coming  out  at  ^,  so  there  is  a  balance 
of  22,920.  An  engine  working  between  A  at  80°  and  0°  C.  will  utilise 
7,820    joules    out    of     this,    rejecting     15,100    at    0°    C.      We     thus     have 
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1,500+  21,420  —  7,820=  15,100  joules  to  put  in  mechanically,  or  252  watts. 
One  of  the  chief  difficulties  in  this  sort  of  calculation  is  the  uncertainty 
as  to  the  numerical  data.  This  case  is  also  complicated  by  the  internal 
energy  of  the  alcohol  and  water  separate  being  greater  than  that  of  tlie 
mixture. 

To  get  rid  of  the  effect  of  the  internal  energy  of  the  separated  liquids  in 
the  last  case  the  arrangement  shown  in  Fig.  2  may  be  discussed.  Here 
mixed  alcohol  and  water  as  vapour  comes  in  at  O.  It  goes  to  an  inter- 
changer  G,  where  it  is  cooled  down  to  80"  C,  being  thus  condensed,  and  it 
Hows  by  the  pipe  H  to  the  rectifier,  which  is  as  before,  except  that  it  gives 
out  steam  at  L  instead  of  water.  The  alcohol  coming  out  is  taken  away 
as  vapour.  The  mixed  vapours  condensing  in  G  will  give  off  much  more 
heat  than  is  necessary  to  raise  the  alcohol  vapour  from  80°  C.  to  100°  C,  so 
heat  will  be  given  off  along  G.  For  want  of  data  as  to  heat  of  vaporisation 
of  mixtures  of  alcohol  and  water  I  have  taken  the  heat  that  would  be  given 
out  by  500  grams  of  each  and  deducted  the  extra  internal  energy,  29,000. 
This  gives  1,541,550  joules  given  out  along  G,  after  deducting  950  for  heating 
the  issuing  alcohol  vapour.     We  must  therefore  supply  this  at  100°  C.  at  B. 
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Fig.  2. 


As  this  large  amount  of  heat  is  given  off  all  along  G  it  is  difficult  to  know  its 
value.  To  get  it  we  would  need  a  table  giving  the  boiling-points  of  the  range 
of  mixtures  of  alcohol  and  water,  and  the  composition  of  the  vapour  coming 
off,  and  to  be  quite  accurate  we  should  have  a  column  of  heats  of  vaporisa- 
tion. For  simplicity  we  shall  not  be  far  wrong  if  we  take  the  heat  as  being 
given  out  at  94°  C.  This  needs  25,200  joules  given  mechanically  and 
1,541,550  taken  in  as  heat  from  G.  Another  engine  will  have  to  put  in 
1,120  joules  as  work,  taking  in  heat  at  0°  and  giving  out  3,805  at  100°  C.  We 
have  thus  26,320  joules  per  minute  or  438  watts.  This  figure  is  most  likely 
rather  inaccurate,  as  the  data  are  doubtful.  The  example  is  complicated  by 
the  heat  of  combination  of  alcohol  and  water  too.  Broadly  speaking,  what 
has  to  be  done  is  to  put  in  heat  at  the  boiling-point  of  the  less  volatile  liquid  , 
taking  out  heat  at  a  temperature  between  it  and  the  boiling-point  of  the  more 
volatile  liquid.  This  involves  either  supplying  the  system  with  heat  at  one 
temperature  and  recovering  some  of  it  at  a  lower  temperature  or  supplying 
energy  mechanically. 

The  case  of  separating  oxygen  and  nitrogen  is  simpler,  as  there  is  no 
development  of   heat  on  mixing  the  gases.     It  is  exceedingly  unlikely  that 
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there  is  any  liberation  of  heat  on  mixing  the  hquids,  but  in  the  ideal  case  dis- 
cussed next,  if  there  were  such  heat  it  would  not  affect  the  reasoning,  as  its 
influence  would  cancel  out. 

Suppose  for  simplicity  we  arc  operating,  say  in  Dis,  at  a  temperature  of 
90°  A,  and  we  have  a  system  as  shown  with  a  pipe  leading  in  air  at  90°  A,  and 
two  pipes  delivering  oxygen  and  nitrogen  at  90°  A. 

Air  comes  in  and  the  pipe  branches,  most  of  the  air  going  to  the 
cooler  2,  where  it  is  reduced  to  say  82°  A,  a  good  deal  being  liquefied.  The 
partly  condensed  air  then  goes  into  the  rectifier  at  3.  Nitrogen  comes  out  as 
gas  at  77°  A,  and  is  raised  to  90°  A  by  a  portion  of  the  entering  air  going 
down  the  interchanger  9.  Heat  has  to  be  supplied  to  the  rectifier  at  7  to  boil 
off  the  oxygen,  and  heat  is  given  out  at  2.  Thermodynamic  engines  take  in 
heat  from  2,  and  deliver  some  of  it  at  7  and  the  rest  to  the  outside.  We  have 
to  find  the  power  necessary  to  drive  the  engine  to  separate  a  kilo  of  air  per 
minute,  or  the  energy  to  separate  a  kilo  of  air.  A  kilo  of  separated  air  in  an 
ideal  engine  with  semipermeable  pistons  could  do  13,180  joules  in  allowing 
the  gases  to  mix  at  90°  A.    13,180  joules  must  therefore  be  done  in  separating 
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them.  As  the  internal  energy  of  the  separated  gases  is  the  same  as  that  of 
the  mixture,  this  work  must  be  wholly  degraded  into  heat.  The  system  that 
takes  in  air  and  gives  out  oxygen  and  nitrogen  at  the  same  temperature  and 
pressure  must  therefore  give  out  heat,  taking  in  work  ;  and  the  heat  for  each 
kilo  of  air  is  thus  13,180  joules. 

We  do  not  really  need  to  trouble  ourselves  as  to  what  goes  on  inside  our 
closed  system.  We  do  not  need  to  know  anything  about  the  heat  of  vaporisa- 
tion, boiling-points,  or  heat  of  mixture  ;  all  we  have  to  know  is  the  work  that 
can  be  imagined  as  obtainable  by  a  suitable  arrangement  for  mixing  the 
gases,  and  we  then  know  the  mechanical  energy  ideally  necessary  to  separate 
them,  assuming  the  system  to  have  no  irreversible  process  going  on  inside. 

But  it  is  worth  while  to  look  inside. 

Call  the  heat  given  out  at  90°  A,  H,  and  at  2,  li,  +  1^,  and  the  temperature 
of  2,  0,.  Let  the  heat  H  be  given  out  by  a  thermodynamic  engine  taking 
in  work  u\  and  heat  h,  from  2  at  0,.  Then  H  is  made  up  of  //,  +  Wi  and 
h,  =  HO3/0,  and  w  =  H(0,  —  0,)/0,.  The  rest  of  the  heat  given  out  at  2  is 
taken  in  by  a  second  thermodynamic  engine  at  9^  and  given  to  the  rectifier 
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at  0,.  Call  this  heat  lu,  then  the  heat  given  to  the  rectifier  is  hJ^^lQ^  and 
the  work  done  by  the  second  engine,  W,  is  hJ^Q^  —  6^)19..  But  H  =  W  +  w 
and  h,  -\-  h^-=.  hy  as  the  rectifier  takes  in  and  gives  out  the  same  amount 
of  heat.     From  these  equations  we  get  w  =  H(0,  —  9^)10 1,  and  W  =  H9^l9,. 

Suppose  that  instead  of  working  at  90°  we  lead  the  inlet  and  two  outlet 
pipes  through  an  interchanger,  and  work  at  273°  A,  or  say  270°  A  to  make  a 
round  number.  The  work  \V  is  not  altered,  as  the  conditions  of  that  engine 
are  not  interfered  with' ;  but  the  first  engine  that  takes  in  heat  /z,  at  9^  now 
has  to  give  it  out  at  270°  A  instead  of  90°  A.  It  is  simpler  arithmetically  to 
imagine  a  third  engine  taking  in  the  heat  H  at  90°  A  and  giving  it  out  at 
270°  A.     This  engine  does  2H. 

It  is  hardly  necessary  to  repeat  that  the  mechanical  power  needed  varies 
as  the  absolute  temperature,  as  the  work  ideally  obtainable  on  mixing  the 
oxygen  and  nitrogen  at  atmospheric  pressure  varies  as  the  absolute  tempera- 
ture. 

Take  now  the  case  of  dry  air  to  be  separated  completely  into  oxygen  and 
nitrogen.  The  work  ideally  obtainable  from  a  kilogram  of  the  gases  mixing 
is  40,000  joules,  so  to  separate  a  kilogram  a  minute  needs  666  watts  in  a 
perfect  machine  where  all  the  processes  are  reversible.  This  would  come 
out  quite  inexpensive  on  a  very  large  scale. 

In  this  case  it  has  been  assumed  that  the  air  is  to  be  separated  completely 
into  pure  oxygen  and  pure  nitrogen.  It  does  not  follow  that  it  pays  to 
separate  in  this  way  unless  both  gases  are  wanted  pure  in  the  proportion  of 
four  to  one.  If  oxygen  alone  is  wanted,  it  does  not  pay  to  make  pure  nitrogen, 
for  that  means  abstracting  oxygen  from  a  mixture  with  very  little  oxygen, 
while  air  is  obtamable  at  no  cost.  To  separate  a  kilogram  of  air  at  0°  C.  into 
pure  oxj'gen  and  nitrogen  needs  40,000  joules  to  be  converted  into  heat  '■^' ;  to 
take  out  half  the  oxygen  needs  only  17,000  joules,  but  as  this  gives  only  115 
grams  of  oxygen  34,000  joules  are  needed  to  give  the  same  weight  of  oxygen. 
If  the  oxygen  is  wanted  for  enriching  air  for  combustion  purposes,  it  is 
cheaper  to  extract  it  impure.  But  for  pure  oxygen  the  most  economical 
proportion  to  extract — on  paper — is  about  50  per  cent.  In  practice  it  may 
be  better  to  take  out  a  little  more,  as  the  less  gas  you  pass  through  the 
apparatus  the  smaller  it  may  be. 

It  might  be  said  that  given  a  kilogram  of  air  cooled  down,  a  machine  that 
extracts  all  the  oxygen  does  its  work  better  and  is  cheaper  ;  this  is  not 
the  case,  however,  as  air  does  not  cost  anything  appreciable,  even  cooled. 

We  have  therefore  the  problem  of  taking  in  heat  at  a  temperature  of  about 
82"  A  and  giving  it  out  at  90°  A  and  the  temperature  of  the  room,  say  290°  A. 

There  are  broadly  two  methods  in  use.  It  is  not  necessary  to  trace 
the  history  of  the  liquefaction  of  gases,  and  to  follow  out  the  ingenious 
intensification  methods.  They  are  all  well  described  in  the  literature  of  the 
subject. f 

The  first  method  is  Linde's.  This  takes  advantage  of  the  discovery 
by  Kelvin  and  Joule  that  such  gases  as  air  have  less  internal  energy  when 
compressed.  If  you  feed  a  heat-insulated  system  with  air  under  compression 
and  let  it  expand  before  it  comes  out,  the  air  coming  out  must  at  first  take 
out  more  energy  than  the  air  going  in  carries  with  it  ;  so  the  inside  of  the 
apparatus  must  get  colder  and  colder.  If  the  outcoming  air  comes  through  an 

*  For  simplicity  atmospheric  pressure  is  taken  as  a  megadyne  per  sq.  cm.  ;  and 
heat  is  taken  in  joules,  not  calories  :  entropy,  where  necessary,  can  be  taken  in 
entrops,  which,  multiplied  by  the  lowest  available  temperature,  give  the  incurred 
waste  in  joules. 

t  The  engineer  will  find  Aif  Liquide,  G.  Claude,  and  The  Mechanical  Production 
of  Cold,  Ewing,  interesting. 
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interchanger  it  will  come  out  at  the  same  temperature  as  the  ingoing  air, 
so  the  other  end  of  the  apparatus  must  get  colder  and  colder  until  some 
of  the  air  is  liquefied.  The  balance  will  come  when  the  internal  energy  of 
the  gas  and  liquid  air  taken  out  is  equal  to  that  of  the  compressed  air 
going  in. 

In  practice  the  same  machine  does  the  liquefaction  and  separation  ;  but  it 
is  simpler  for  our  purpose  to  treat  a  machine  in  which  air  is  compressed  and 
allowed  to  expand  as  a  thermodynamic  engine,  using  the  liquid  air  as  a 
means  of  extracting  heat  at  a  low  temperature.  It  was  this  invention  of 
Linde's  that  made  the  production  of  liquid  air,  and  his  subsequent  inven- 
tion of  combining  the  rectifier  with  it  that  made  the  commercial  production 
of  oxygen  thermodynamically  from  air,  possible. 

The  other  invention  is  due  to  Claude.  It  was  of  course  obvious  that  cold 
could  be  produced  by  compressing  the  air  at  a  high  temperature  and  then 
expanding  it  so  as  to  do  external  work  at  a  low  temperature,  and  the  merit 
does  not  here  lie  in  the  idea.  But  to  work  out  such  a  system  is  a  very 
different  matter.  The  practical  difficulties  in  making  an  engine  that  would 
give  out  any  reasonable  power  at  a  temperature  of  80°  A  are  very  serious 
indeed. 

So  far  I  have  discussed  the  subject  on  what  are  sometimes  incorrectly 
called  theoretical  lines,  that  is  to  say  ideal  lines,  in  which  all  sorts  of 
assumptions  are  made  so  that  the  discussion  should  be  easier.  Thus 
I  have  discussed  perfect  heat  insulation  and  completely  reversible 
changes  and  perfect  thermodynamic  engines.  The  principles  are  the 
same  on  a  large  scale  ;  but  there  is  leakage  of  heat,  and  all  sorts  of 
irreversible  changes  of  heat,  and  a  compression  pump  does  not  come  up 
to  the  thermodynamic  ideal  in  efficiency.  In  the  industry  as  now  carried 
on  the  question  of  efficiency  is  of  very  little  importance.  Oxygen  is  sold 
in  small  quantities  in  bottles ;  and  the  costs  of  compressing,  handling,  selling, 
delivering,  and  so  on,  and  the  collection  of  the  empties,  are  enormously  large 
in  proportion  to  the  mere  cost  of  making.  Thus  we  have  discussed  oxygen 
taking  34,000  joules  for  230  grams. 

The  great  future  for  the  separation  of  the  gas  is  in  the  direction  of  making 
nitrogen  for  the  manufacture  of  calcium  cyanamide,  and  oxygen  for  use 
in  blast  furnaces,  and  other  work  where  a  high  temperature  may  be  worth  the 
extra  cost.  It  is  therefore  important  to  see  how  far  the  gases  can  be 
produced  on  a  large  scale  at  prices  within  a  reasonable  margin. 

We  may  therefore  sum  up  the  rectifying  part  of  the  plant  as  an  apparatus 
which 'gives  up  heat  at  a  low  temperature,  say,  82°  A,  and  absorbs  heat  at, 
say,  90°  A,  the  heat  taken  in  at  90°  A  being  equal  to  that  given  out  at  82°  A.  A 
refrigerator  must  therefore  be  a  thermodynamic  engine  capable  of  giving 
heat  at  90°  A,  absorbing  heat  at  82°  A,  and  giving  out  heat  at  the  temperature 
of  the  works,  say,  290°  A. 

It  is  generally  supposed  that  Linde  depended  on  an  irreversible  expansion 
of  a  gas.  This  is  not  the  case,  and  I  would  put  the  matter  in  another 
way. 

If  gas  is  compressed,  cooled  to,  say,  290°  A,  and  sent  into  an  interchanger, 
out  of  which  it  comes  by  a  return  pipe  at  tlie  pressure  of  the  air,  there  must 
be  cooling  going  on  inside,  as  the  air  delivered  has  higher  internal  energy 
than  the  air  going  in.  You  have  therefore  an  apparatus  for  producing  cold — 
that  is  to  say,  for  absorbing  heat  at  a  temperature  below  the  room.  The 
question  is.  What  is  the  lowest  temperature  at  which  this  apparatus  will  take 
in  heat  ?  The  lowest  temperature  is  that  of  the  boiling-point  of  the  liquefied 
gas  at  the  pressure  of  the  atmosphere.     If  the  apparatus  is  working  in  such  a 
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way  that  it  can  take  in  heat  H  at  temperature  0^  the  increase  of  entropy  is 
H/02.  But  if  instead  of  working  in  this  way  the  heat  is  taken  in  at  0„  which 
is  a  higher  temperature,  the  increase  of  entropy  is  H/0„  which  is  less,  so  the 
apparatus  makes  up  the  deficit  of  entropy  by  irreversible  expansion.  On 
starting  up  a  Linde  machine  it  begins  by  abstracting  heat  from  its  own  air 
and  metalwork  at  the  temperature  of  the  air,  so  the  entropy  is  made  up  by 
irreversible  expansion.  As  the  temperature  at  which  the  heat  is  absorbed 
falls  the  irreversible  expansion  gets  less  and  less,  until  finally  the  whole  of  the 
gas  is  turned  into  liquid.  Then  there  is  some  production  of  heat  by  the 
liquid  passing  from  a  high  to  a  low  pressure  through  an  obstruction,  and  also 
some  slight  evolution  of  gas  to  cool  the  released  liquid  from  tiie  boiling- 
point  under  the  high  to  the  boiling-point  under  the  low  pressure.  The 
irreversible  loss  due  to  liquid  is  pj'jio  in  joules,  where  v  is  the  volume  of  the 
liquid.  If  the  compression  is  small  this  is  small,  but  if  it  is  high  pv  may  be 
considerable.  It  would  be  quite  easy  to  get  tliis  energy  out  by  means  of  a 
little  engine,  as  there  is  no  expansion  and  no  difficulty  in  lubrication,  and  it 
would  be  worth  while  on  a  large  scale.  The  liquid  may  also  be  cooled  to  a 
lower  boiling-point  while  still  under  pressure,  so  that  there  is  no  irreversible 
evolution  of  gas  on  its  being  exhausted  from  the  engine. 

The  refrigerator  has  to  do  the  work  of  two  thermodynamic  engines,  for  it 
has  to  abstract  a  lot  of  heat  at  one  temperature,  give  a  large  proportion  back 
at  a  higher  temperature,  and  give  out  heat  at  the  temperature  of  the  works. 
The  ideal  apparatus  consists  of  a  compressor  with  water-cooling  delivering 
gas  at  the  temperature  of  the  works  and  a  high  pressure  to  an  interchanger. 
The  pressure  is  chosen  so  that  the  gas  liquefies  under  it  at  90°  A,  giving  up  its 
heat  to  the  rectifier.  The  liquid  at  90°  A  is  then  cooled  in  an  interchanger  to 
82°,  and  it  is  then  passed  through  a  hydraulic  engine,  coming  out  at  atmo- 
spheric pressure  and  temperature  82°.  It  is  now  vaporised,  taking  in  heat  at 
82°,  and  goes  out  by  the  delivery  side  of  the  interchanger. 

This  process  described  is  not  quite  reversible,  because  the  specific  heat 
under  constant  pressure  of  the  gas  coming  down  the  interchanger  is  greater 
than  that  of  the  gas  coming  up  under  atmospheric  pressure  ;  there  has  there- 
fore to  be  an  abstraction  of  heat  all  along  the  interchanger  to  make  up  for 
this  difference. 

The  idea  of  this  apparatus  is  something  like  that  of  an  ordinary  carbonic 
acid  machine  worked  under  dift"erent  conditions.  If  a  carbonic  acid  machine 
were  worked  in  the  tropics  and  the  cooling  water  were  above  the  critical 
point  of  CO2,  the  compressor  would  supply  compressed  gas  only.  Some  sort 
of  refrigerator  would  be  necessary  to  liquefy  the  CO2,  and  the  liquid  CO, 
would  then  be  evaporated  at  a  low  temperature.  We  thus  have  three  tempera- 
tures to  consider — the  temperature  of  the  works  at  which  heat  due  to  com- 
pression is  given  out,  the  temperature  at  which  the  CO,  is  liquefied  under 
pressure,  and  the  temperature  at  which  the  CO^  is  finally  evaporated.  In  a 
refrigerating  plant  three  temperatures  would  be  a  nuisance,  so  a  fluid  is 
chosen  with  a  critical  point  above  the  temperature  of  the  works.  But  for 
rectifying  three  temperatures  are  necessary — the  temperature  of  the  works, 
the  temperature  of  the  boiling-point  of  the  least  volatile  liquid,  and  the 
temperature  of  the  liquefaction  of  the  mixture.  We  can  therefore  use  a 
fluid  which  is  compressed  at  a  temperature  which  may  be  much  above  its 
critical  point. 

Fig.  4  shows  an  ideal  Linde  refrigerator.  The  compressor  A  delivers 
a  fluid,  say  air  under  pressure,  to  the  cooler  B.  Heat  comes  out  there  at 
the  temperature  of  the  works.  The  air  goes  on  down  through  the  inter- 
changer C  until  it  is  cooled  to  90'^  A.     Then  it  is  cooled  in  D,  which  is  really 
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a  coil  of  pipe  immersed  in  the  oxygen  to  be  evaporated  at  the  bottom  of  the 
rectifier.  From  D  the  liquid,  still  under  pressure,  goes  down  the  interchanger 
until  it  is  cooled  to  82°  A,  and  it  then  works  a  little  engine  E  and  comes  out 
into  F.  F  is  really  a  coil  of  pipe  in  the  liquefier  of  the  rectifier.  The  air  is 
evaporated  in  F,  and  passes  up  the  interchanger  and  escapes  at  G. 

There  are  some  points  to  be  noticed.  As  already  pointed  out,  the  inter- 
changer must  take  in  heat  by  leakage,  which  is  an  irreversible  process  ;  and 
the  heat  taken  in  at  F  will  be  greater  than  that  given  out  at  D,  as  it  takes 
more  heat  to  vaporise  a  liquid  at  a  low  pressure  and  temperature. 

The  processes  in  this  refrigerator  are,  however,  substantially  reversible. 

If  schemes  for  dealing  with  liquefied  gases  are  examined,  it  will  often 
be  found  that  a  liquid  is  being  condensed  or  evaporated  by  a  gas  in  the 
interchanger.  That  is  always  a  piece  of  bad  design,  involving  irreversible 
change.  It  may  be  inevitable,  of  course  ;  but  it  is  an  evil  which  must  be 
carefully  watched.* 
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Fig.  4. 


Linde  points  out  that  the  mechanical  work  necessary  may  be  reduced  by 
working  between  two  high  pressures.  But  there  is  a  limit  to  this,  as  if  both 
pressures  are  very  high  the  lower  temperature  limit  of  the  plant  is  reduced  ; 
so  the  limit  is  reached  by  the  lower  pressure,  which  must  be  low  enough  for 
the  fluid  to  evaporate  at  82°  A,  or  whatever  temperature  the  heat  has  to  be 
extracted  from  the  rectifier.  If  we  choose  a  fluid — say  nitrogen — this  gives 
the  lowest  pressure  that  can  be  used.  Then  the  other  pressure  must  be  high 
enough  for  the  liquid  to  condense  at  90°  A.  Some  latitude  can  be  got  by 
control  of  the  pressures  in  the  rectifying  plant,  but  it  is  simpler  for  the 
present  to  take  the  rectifier  as  working  at  atmospheric  pressure  for  the  sake 
of  ease  of  calculation.  The  refrigerator,  then,  has  to  supply  for  each  kilo  of 
air  split  into  pure  gases  135,000  joules  at  90°  A,  absorbing  135,000  at  82°  A. 
The  liquefying  of  this  fluid  is  in  contact  with  a  fluid  that  is  being  evaporated, 
so  that  that  part  of  the  process  is  ideally  reversible.  The  re-evaporation  is 
in  contact  with  the  air  which  is  being  liquefied,  so  that  part  of  the  process 
is  ideally  reversible.     The  passage  of  the  liquid  from  the  high  to  the  low 

*  There  is  another  fallacy  very  common  with  regard  to  gas  issuing  from  a 
nozzle.  Suppose  it  comes  out  into  the  atmosphere,  it  is  thought  that  as  it  has  to 
expand  against  the  pressure  of  the  atmosphere,  doing  work  in  joules  equal  to  a 
tenth  of  its  increase  of  volume,  it  must  be  cooled  to  a  corresponding  degree.  This 
is  a  mistake  nearly  everyone  makes  until  he  thinks  of  the  matter  a  second  time.  As 
such  an  error  would  give  rise  to  many  miscalculations  in  connection  with  the 
liquefaction  of  gas,  it  is  not  impertinent  to  call  attention  to  it. 
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pressure  can  very  easily  be  made  to  give  out  work.  It  is  not  the  same 
problem  as  dealing  with  expanding  air,  as  the  volume  is  small,  the  pressure 
constant,  and  the  liquid  acts  as  a  lubricant.  The  process,  so  far,  is  essentially 
reversible.  The  specific  heat  of  compressed  gas  is  higher  than  that  of  the 
same  gas  at  a  lower  pressure,  so  a  little  allowance  must  be  made  for  that. 
It  is  thus  possible  to  use  a  process  which  has  no  external  work  done  by 
expansion  of  cooled  gas  in  such  a  way  as  to  get  little  loss  by  irreversible 
changes. 

To  work  out  an  example,  nitrogen  can  be  taken  as  the  fluid,  as  it  is  easier 
to  discuss  than  a  mixture.  To  get  135,000  joules,  taking  heat  of  vaporisation 
of  nitrogen  at  200  joules  per  gram,  we  need  675  grams  of  nitrogen,  and  we 
can  liquefy  this  at  90°  A  under  about  four  atmospheres,  evaporating  it  again  at 
82°  A  at  two  atmospheres.  Taking  the  density  of  liquid  nitrogen  as  o'8  the 
hydraulic  engine  gives  out  170  joules,  a  mere  trifle  in  this  case,  and  the  com- 
pression of  the  nitrogen  from  two  to  four  atmospheres  needs  37,000  joules,  so 
we  need  under  37,000  joules.  As  the  separation  needs  40,000  this  is  clearly 
an  erroneous  figure,  but  the  data  are  very  uncertain.  We  must  need  more 
than  40,000. 

To  work  on  a  large  scale  with  atmospheric  pressure  in  the  separator  and 
four  and  two  in  the  refrigerator  would  be  quite  out  of  the  question.  The 
volumes  of  air  would  be  enormous,  and  the  interchangers  would  be  very 
inefficient.  Those  who  have  had  to  work  with  gases  that  have  to  be  heated 
or  cooled  will  realise  the  extent  of  this  trouble  at  once.  To  make  the  plant 
practical  it  will  be  necessary  to  work  the  rectifier  under  pressure.  This 
raises  the  temperature  of  the  rectifier  ;  but  that  does  not  mean  that  we  can 
separate  the  gases  more  economically ;  the  cost  of  separation  depends,  as 
already  stated,  on  the  difference  of  entropy  of  the  gases  entering  and  leaving 
the  plant,  not  on  what  goes  on  in  the  plant,  provided  there  are  no  irreversible 
changes.  Using  pressure  allows  the  refrigerator  to  be  worked  at  higher 
pressures,  so  that  the  interchanger  may  become  practical. 

Assuming  the  ideal  energy  needed  to  separate  a  kilo  of  air  into  its  gases  to 
be  40,000,  the  question  is,  What  will  it  cost  in  practice  ?  On  a  large  scale  it 
may  be  safe  to  say  100,000  joules.  We  would  thus  get  230  grams  for 
100,000  joules  ;  or  a  ton  would  need  120  k.w.  hours.  Taking  the  cost  of 
a  kilowatt  hour  as  low  as  o'id.,  this  means  a  shilling  a  ton. 

It  certainly  looks  as  if  oxygen  at  this  order  of  figure  could  be  used  for 
blast  furnace  work.  Taking  a  blast  furnace  as  using  four  and  a  half  tons 
of  air  per  ton  of  iron,  to  increase  the  oxygen  content  by  10  per  cent, 
of  the  oxygen  content  comes  out  at  i^d.  per  ton  of  pig.  This  shows  that 
the  Linde  process  may  be  useful  on  a  large  scale. 

The  principle  of  separating  gases  by  cold  can  be  applied  to  other  gases. 
Thus  hydrogen  may  be  purified,  so  that  water-gas  can  be  used  as  a  source 
of  balloon  gas.  Methane  can  be  separated  out  by  solution  in  water  under 
pressure.  Chlorine  can  be  separated  from  the  impure  gas  from  the  anode 
chambers  in  electrolytic  works.  Such  chambers  are  generally  worked  under 
a  slight  exhaust  to  avoid  troubles  due  to  leaks.  Air  thus  leaks  in,  and  the 
chlorine  coming  off  is  moist  and  impure.  Chlorine  can  be  condensed  into 
water,  and  it  might  appear  that  condensing  such  gases  as  chlorine  and 
methane  into  water  would  allow  of  their  being  separated  with  less  expendi- 
ture of  energy  than  the  entropy  consideration  demands.  This  is  not  so.  It 
takes  greater  pressure  to  get  the  gas  into  the  liquid  out  of  a  mixture  than 
the  solution  exerts  in  an  atmosphere  of  the  pure  gas. 

Chlorine,  by  the  way,  is  easier  to  handle  than  is  generally  supposed.  It 
can  be  pumped  in   iron  pumps  flooded  with  sulphuric  acid.     It  can   also 
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be  dried  and  tliun  compressed  in  iron  pumps  lubricated  with  sperm  oil 
saturated  with  chlorine.  It  is  not  necessary  to  dehydrate  it  absolutely  for 
compression  up  to,  say,  50  lbs. 

There  may  be  other  gases  that  can  be  separated  or  purified  by  liquefaction 
and  rectification  ;  it  is  difficult  to  think  of  any  case  where  the  principle 
cannot  be  applied. 

DISCUSSION. 

The  Chairman  said  that  if  the  price  of  oxygen  given  by  the  author, 
namely,  is.  per  ton,  anything  like  approached  the  correct  figure,  the  use  of 
this  gas  would  greatly  increase  the  economy  of  blast  furnace  practice,  as 
higher  local  temperatures  would  be  attained  and  less  heat  would  be  carried 
away  in  the  waste  gases,  owing  to  the  volume  being  so  much  less.  He 
asked  the  meeting  to  accord  its  very  hearty  vote  of  thanks  to  Mr. 
Swinburne  for  his  most  suggestive  Paper.  He  could  not  at  all  agree  with 
the  author  that  the  Paper  was  dry,  and  its  effect  would  be  to  stimulate  a 
great  interest  in  this  most  important  subject. 

Dr.  George  Senter  said  he  gathered  that,  in  the  author's  opinion,  there 
would  be  little  or  no  advantage  in  practice  in  using  some  of  the  power  evolved 
in  connection  with  the  liquefaction  of  air.  As  M.  Claude  had  devised  a 
machine  in  which  this  power  is  used,  would  it  not  be  possible  to  settle  the 
matter  by  direct  comparison  with  a  machine  in  which  power  was  not  so  used  ? 

Mr.  J.  Harden  asked  whether  it  would  be  quite  prohibitive,  even  under 
most  special  circumstances,  to  utilise  the  oxygen  as  described  by  Mr. 
Swinburne  to  increase  the  effect  of  an  internal  combustion  engine. 

Mons.  G.  Claude  {communicated)  :  I  note  with  pleasure  that  the 
scientific  and  industrial  world  is  now  beginning  to  occupy  itself  with  the 
question  of  separation  of  gases,  above  all  from  such  a  high  standpoint  as  that 
considered  by  Mr.  Swinburne.  The  thermodynamic  conditions  on  which 
Mr.  Swinburne's  Paper  is  based  have  been  equally  my  guide  in  increasing  the 
output  of  the  process  of  separation. 

Expansion  doing  external  work,  liquefaction  under  pressure,  and  the 
reversible  process  have  together  had  the  effect  of  increasing  the  output.  I 
believe  I  have  been  the  first  to  make  use  of  these  conditions,  and  the  practical 
results  of  my  researches — the  production  of  one  and  a  half  cubic  metres  of 
oxygen  for  every  horse-power  hour  with  an  apparatus  yielding  1,000  cubic 
metres  per  hour — although  well  beyond  the  theoretical  limit  indicated  by 
Mr.  Swinburne,  which  I  deal  with  by  another  method  in  my  book,  Air 
Liquide,  Uxygaie,  Azote  (p.  279),  show  that  my  efforts  have  not  been  with- 
out use. 

Mr.  James  Swinburne  {in  reply) :  With  regard  to  M.  Claude's  suc- 
cessful use  of  power  of  expansion  in  liquefying  or  in  separating  o.xygen 
and  nitrogen,  he  regarded  it  as  a  great  mechanical  feat,  but  he  doubted  if  it 
had  any  advantage.  It  was  generally  supposed  that  the  Linde  system  must 
involve  expansion  of  gas  through  a  nozzle,  and  had  this  been  true  there  would 
have  been  a  great  need  for  Claude's  system.  He  thought  the  present  Paper  > 
was  the  first  publication  of  the  fact  that  Linde  does  not  involve  irreversible 
expansion,  and  that,  if  the  reasoning  is  correct,  using  the  power  of  expansion 
is  of  no  advantage. 

The  cheap  supply  of  oxygen  would  allow  producer  gas  to  be  made  without 
nitrogen.  This  would  be  more  convenient  for  distribution  over  long  distances. 
Using  strong  gas,  or  sucking  in  oxygen  instead  of  air,  would  make  the  problem 
of  constructing  large  gas  engines  even  more  difficult. 
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Thermodynamique  et  Chimie.  By  Pikrre  Duhem.  Seconde  Edition, 
enticremcnt  rcfondue  ct  considerablement  augmentee.  (Paris,  1910  : 
A.  Hermann  et  Fils.     Pp.  579.     Price  15  fr.) 

The  lirst  edition  of  this  work  appeared  in  1902.  The  present  edition 
has  been  very  considerably  increased  and  recast.  Much  attention  is  given, 
for  example,  to  the  phase  theory  of  alloys,  the  liquefaction  of  mixtures  of  gases, 
and  to  qiiadrivariant  equilibria.  It  may  be  said  in  general  that  the  present 
work  was  originally  a  non-mathematical  and  abbreviated  version  of  the  same 
author's  "  Mecanique  Chimiquc."  In  its  new  dress,  however,  it  deals  with 
many  important  subjects  scarcely  touched  upon  in  the  older  and  larger  work. 
The  author's  object  is  avowedly  to  "  popularise  "  the  application  of  thermo- 
d^'namics  to  chemistry.  There  is  no  doubt  that  the  influence  of  this  work  on 
chemical  science  in  France  must  be  benelicial  in  the  highest  degree.  Its 
influence  on  English  chemistry  will  probably  be  less,  as  the  latter  is  at 
present  sufficiently  supplied  with  other  works  of  a  similar  character.  France, 
however,  will  take  a  long  time  to  recover  from  the  influence  exercised 
by  Berthelot  during  the  latter  portion  of  his  life. 

Various  parts  of  Professor  Duhem's  book  show  that  he  has  not  kept  pace 
with  modern  developments.  This  is  particularly  evident  in  the  sections 
dealing  with  dissociation  and  equilibrium  in  gases,  which  might  have  been 
written  many  years  ago.  There  is  also  far  too  much  about  "  faux  equilibres."' 
Although  the  author  endeavours  to  meet  Bodenstein's  objections,  one  cannot 
help  feeling  that  these  false  equilibria  have  very  little  to  do  with  thermo- 
dynamical  principles. 

The  most  satisfactory  part  of  the  book  is  that  dealing  with  the  general 
theory  of  heterogeneous  equilibria.  This  is  very  readable,  though  some  parts 
are  far  too  compressed  to  be  of  any  real  value  ;  for  example,  the  sections 
dealing  with  the  systems  MgSO,  —  K.SO^  —  H,0,  and  MgCl,  —  KCl  —  H,0. 
One  feels  that  a  young  student  would  make  very  little  of  these. 

It  is  a  very  great  pity  that  Professor  Duhem  excludes  from  his  survey 
anything  of  the  nature  of  electrolytic  dissociation  and  electrolytic  equilibria, 
not  to  mention  the  thermodynamic  theory  of  the  electromotive  force  of 
voltaic  combinations.  Perhaps  the  author  does  not  "  believe  in  "  ions,  or 
perhaps  he  considers  these  matters  belong  to  electrochemistry  rather  than 
chemistry.  In  either  case  he  errs  grievously,  in  the  opinion  of  the  reviewer. 
At  any  rate,  the  effect  is  that  the  most  fertile  field  of  application  of  modern 
thermodynamics  and  many  of  the  most  valuable  advances  of  recent  years 
fail  to  find  a  place  in  his  book.  A  recent  work  of  Professor  Le  Chatelier's 
exhibits  the  same  lacuna.  The  result  of  this  can  only  be  disaster  to  French 
chemistry,  for  the  influence  exerted  in  France  by  men  like  Duhem  and 
Le  Chatelier  must  be  very  great. 
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Die  atherischen  Oele.  By  Dr.  Robert  Leimbach.  Monographien  iiber 
Chemische-technische  Fabrikations-Methoden.  Band  XXI.  (Halle-a,-S., 
iQio  :    Wilhelm   Knapp.     Pp.  vi  +  331.     Price  16  M.) 

This  very  useful  monograph  deals  with  the  ethereal  oil  industry,  or  rather 
the  methods  employed  in  obtaining,  separating,  and  purifying  the  ethereal 
oils.  According  to  the  author,  the  ethereal  oils  are  understood  in  the  trade 
as  being  those  products  obtained  from  vegetable  material  by  distillation  in 
a  current  of  steam,  and  which  collect  along  with  the  condensed  steam  as  the 
distillate.  It  is  only  in  rare  cases  that  a  perfectly  pure  product  is  obtained 
at  the  outset  ;  generally  the  distillate  consists  of  a  mixture  of  a  number  of 
products.  The  particular  distillate  may  be  employed  without  separating  the 
various  constituents,  or  by  appropriate  methods  a  number  of  products  may 
be  obtained  from  it. 


Fig.   2. 


Fig.  4. 


The  ethereal  oils  are  found  in  the  leaves,  flowers,  seeds,  stem,  and  the  roots 
of  plants,  but  not  equally  distributed.  Indeed,  the  seed  may  be  the  only 
part  of  the  plant  which  contains  the  oil,  or  it  may  be  distributed  throughout 
the  plant  in  varying  proportions. 

The  author  gives  a  most  interesting  historical  survey  of  the  distillation 
processes.  The  original  distillation  vessels  appear  to  have  been  devised  after 
the  shape  or  form  of  some  bird.  Thus  the  ostrich  gave  the  idea  of  the 
ordinary  flask,  the  goose  or  pelican  the  retort ;  the  first  four  figures  in  the 
book  are  reproduced,  as  they  are  particularly  interesting.  The  theory  of 
distillation  is  then  dealt  with,  and  diagrams  of  present-day  plant  are  given. 
We  notice  in  connection  with  the  distillation  of  lavender  oil  that  Messrs. 
Schimmel  &  Co.  have,  since  1905,  been  working  at  Barreme,  at  the  bottom 
of  the  Alps,  with  the  most  up-to-date  plant.  They  claim  to  produce  the  best 
oil,  because  it  contains  537  per  cent,   of  esters,  whereas  that  produced  in 
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England  and  France  contains  much  less.  In  fairness  to  the  English  and 
French  manufacturers  it  must,  however,  be  said  that  they  do  not  at  all  agree 
that  a  high  ester  number  is  a  sine  qua  non  of  a  high-class  material.  There  are 
so  many  factors  which  go  to  make  a  good  perfume,  and  the  ester  number  is 
only  one.  At  the  same  time  "it  won't  do  for  British  manufacturers  to  ignore 
scientific  advances  and  to  work  by  old  rule-of-thumb  methods. 

The  last  part  of  the  book  sets  out  in  tabular  form  the  different  ethereal  oils, 
with  the  plants  from  which  they  are  obtained,  the  method  of  distillation,  and 
the  yield  per  cent.  The  various  constants  are  tabulated  and  the  chief  con- 
stituent of  the  oil,  a  bibliography  being  in  the  last  column. 

We  have  nothing  but  praise  for  this  most  painstaking  monograph,  and 
feel  sure  that  all  engaged  in  the  manufacture  of  ethereal  oils  in  this  country 
will  find  it  of  great  use. 

Coal  Tar  and  Ammonia.  By  Dr.  George  Lunge.  In  two  volumes. 
Vol.  I.,  pp.  xix -f  563  ;  Vol.  II.,  pp.  xiii+615.  Fourth  and  enlarged 
Edition.     (London,  1909  :  Gurney  and  Jackson.     Price  £2  2s.  net.) 

It  is  with  great  pleasure  that  one  greets  the  fourth  edition  of  Dr.  Lunge's 
monumental  and  indispensable  book  on  "  Coal  Tar  and  Ammonia,"  a  book  to 
which  one  invariably  refers  when  in  any  difficulty  in  connection  with  the 
subjects  included  in  it.  To  one  who  knows  the  works  of  Lunge  it  is 
superfluous  to  review  the  books,  but  as  there  may  be  some  who  so  far  have 
not  required  to  use  these  books  but  may  in  the  future  need  to,  we  will 
shortly  endeavour  to  place  the  contents  of  the  book  before  them.  The 
following  subjects  are  dealt  with  :  Processes  for  obtaining  coal  tar  ;  The 
properties  of  coal  tar  and  its  constituents  ;  Applications  of  coal  tar  without 
distillation  of  coal  tar ;  Pitch  ;  Anthracene  oil ;  Creosote  oil ;  Carbolic  acid 
and  naphthalene  ;  Light  oil  and  crude  naphtha  into  final  products ;  Sources 
from  which  ammonia  is  obtained  ;  The  composition  and  analysis  of  am- 
moniacal  liquor  and  properties  of  its  constituents  ;  The  working  up  of 
ammoniacal  liquor  ;  Other  technically  important  ammonium  salts.  There  is 
also  an  appendix  containing  Tables  for  reducing  specific  gravities  to  the 
normal  temperature  ;  Table  for  comparing  the  degrees  of  Baume's,  Cartier's, 
and  Beck's  hydrometers  with  corresponding  specific  gravities  ;  Tables  for 
comparing  Centigrade  and  Fahrenheit  degrees. 

This  short  outline  of  the  contents  at  once  makes  it  clear  how  fully  the 
subject  is  covered,  and  of  course  Dr.  Lunge  writes  with  authority.  The 
subject  is  first  of  all  introduced  historically  and  then  gradually  developed. 
It  is  well  known  that  the  production  of  coal  tar  was  until  recently  almost 
.entirely  a  by-product  in  the  manufacture  of  gas,  and  was  first  of  all  worked 
up  in  Great  Britain,  which  was  the  leader  in  gas  manufacture.  The  first 
private  gas  works  was  erected  in  1798  at  the  engineering  works  of  Bolton 
and  Watts  ;  the  first  public  gas  works  in  London  in  the  year  18 13,  in  Paris  in 
1815,  and  in  Berlin  in  1826.  In  chemical  engineering  Great  Britain  led  the 
way,  and  also  in  much  pioneer  research,  and  yet  from  want  of  appreciation 
of  the  importance  of  pure  chemical  research  by  our  manufacturers  and  by 
our  Universities  and  Colleges,  the  author  of  the  book  is  enabled  to  make  the 
following  pregnant  remark  : — 

"  In  the  course  of  time  the  following  state  of  affairs  has  established  itself. 
In  England,  where  by  far  the  largest  quantity  of  gas  tar  is  produced,  where 
benzene  was  discovered  by  Faraday,  its  industrial  preparation  by  Mansfield, 
the  first  aniline  colour  by  Perkin,  and  where  the  conditions  are  the  most 
favourable  for  the  purchase  of  the  necessary  chemicals,  as  well  as  for  the 
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sale  of  the  colouring  matters,  the  manufacture  of  artificial  dyes  has  onl}^ 
risen  to  moderate  dimensions.  The  same  has  been  the  case  in  France. 
On  the  other  hand,  in  (Germany  and  Switzerland  the  manufacture  of  coal-tar 
colours  has  been  established  on  an  enormous  scale,  so  that  the  tar  produced 
there  formerly  could  only  supply  a  small  portion  of  the  benzol  and  anthracene 
required,  most  of  it  being  imported  from  England  and  France,  partly  in  the 
form  of  aniline." 

Now,  however,  very  large  quantities  of  tar  are  produced  from  the  coke 
ovens,  but  owing  to  the  comparatively  limited  outlet  for  the  products  pro- 
duced when  the  tar  is  worked  up,  a  large  number  of  coke  ovens  are  not 
provided  with  recovery  plant.  Another  reason  for  this  was  that  at  one  time 
metallurgists  considered  that  coke  produced  in  the  ovens  provided  with 
recovery  plant  w-as  less  suitable  for  metallurgical  purposes  than  when  it  was 
produced  in  ovens  which  were  not  complicated  with  recovery  contrivances. 
One  hears  a  great  deal  about  the  depletion  of  our  sources  of  nitrogenous 
fertilisers,  and  we  have  come  to  look  to  the  air  as  our  only  source..  But  if  all 
the  coke  ovens  had  plant  for  recovering  the  ammonia  and  other  products,  the 
quantity  of  sulphate  of  ammonia  available  for  the  agriculturalist  would  be 
very  much  increased,  probably  doubled. 

One  cannot  read  this  book  without  marvelling  at  the  vast  amount  of 
research  work  which  has  been  necessary  to  bring  the  manufacture  of  gas  and 
the  recovery  of  the  by-products  up  to  its  present  high  position — that  is  to  say, 
the  research  and  engineering  skill  required  to  produce  merely  raw  products 
necessary  for  the  manufacture  of  numberless  other  compounds. 

Lunf^e's  books  are  essential  to  the  technical  chemist,  and  full  of  most 
important  material  brought  together  from  various  sources,  many  of  which 
are  not  available  to  most  people— particularly  Professor  Lunge's  experience 
and  brains,  which,  after  all,  have  made  the  book. 

Text  Book  of  Organic  Chemistry.  By  Professor  A.  F.  Holleman. 
English  Translation,  edited  and  translated  by  Dr.  A.  Jamieson  Walker, 
assisted  by  Dr.  O.  E.  Mott.  Third  English  Edition.  (London,  1910  : 
Chapman  and  Hall,  Ltd.     Pp.  xx  +  599.     Price  los.  net.) 

The  issue  of  a  third  edition  of  this  book  shows  that  it  has  taken  an 
important  place  in  the  teaching  of  organic  chemistry  in  this  country.  On 
the  Continent  it  has  also  been  very  favourably  received.  It  was  originally 
pubUshed  in  Dutch,  of  which  three  editions  have  been  issued.  Seven  editions 
have  been  published  in  German,  two  in  Russian,  two  in  Italian,  and  one  in 
Polish.  At  present  a  French  and  Japanese  edition  are  in  course  of  prepara- 
tion. It  seems  almost  superfluous  to  review  a  book  with  such  a  record. 
However,  as  previous  editions  have  not  been  reviewed  in  the  Transactions  of 
the  Faraday  Society,  we  will  briefly  describe  the  contents  of  the  book. 

The  book  commences  with  an  introduction  which  deals  with  qualitative 
and  quantitative  organic  analysis  and  the  various  apparatus  required  for  it  ; 
also  certain  classes  of  physical  apparatus  for  determining  physical  constants, 
such  as  the  pyknometer  and  polarimeter.  The  saturated  hydrocarbons,  or 
hydrocarbons  of  the  methane  series,  are  then  dealt  with,  and  after  treating  of 
their  methods  of  formation  and  isomerism,  the  student  is  led  on  to  the 
alcohols.  In  fact,  the  general  arrangement,  at  any  rate  in  the  first  part  of 
the  book,  differs  very  little  from  most  text-books  on  organic  chemistry.  But 
the  explanations  of  the  various  reactions  are  very  clear,  and  put  in  such  a 
manner  that  the  student  who  carefully  studies  the  book  cannot  fail  to  obtain 
a  good  grounding  in  organic  chemistry. 
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We  should  like  to  make  one  little  criticism,  and  that  is  to  suggest  that 
when  the  next  edition  is  called  for,  which  will  probably  not  be  long  hence, 
rather  more  attention  should  be  given  to  the  synthetic  dye  products. 

We  notice  that  Dr.  Jamieson  Walker  has  introduced  into  the  book  the 
protein  classification  adopted  by  the  Chemical  Society,  the  Physiological 
Society,  the  American  Physiological  Society,  and  the  American  Society  of 
Biological  Chemists.  This  is  by  no  means  a  simple  task,  and  Dr.  Walker  is 
to  be  congratulated  upon  having  successfully  carried  it  out. 

The  book  as  a  whole  is  to  be  most  heartily  recommended,  and  it  might  be 
mentioned  that  physical  and  electrochemical  methods  are  frequently  referred 
to  in  the  text.  When  physical  chemistry  first  began  to  be  considered,  it  was 
generally  supposed  that  it  would  not  be  so  useful  for  elucidating  problems  in 
organic  chemistry  as  in  inorganic  chemistry.  Although  it  may  have  been 
more  fully  developed  in  inorganic  chemistry,  it  has  certainly  proved  of  the 
greatest  value  in  organic  chemistry  also. 

Physical  Chemistry  :  Its  Bearing  on  Biology  and  Medicine.     By 

J.  C.  Philip,  D.Sc,  Ph.D.     (Edward  Arnold,  1910.     Pp.  vi  +  312.     Price 
7s.  6d.  net.) 

The  methods  of  physical  chemistry  have  found  ever-increasing  application 
in  recent  years  for  the  investigation  of  biological  problems,  and  the  present 
book  is  intended  to  givaa  systematic  account  of  the  principles  and  methods 
of  physical  chemistry  which  are  of  importance  in  biological  and  physiological 
work.  The  more  important  subjects,  which  are  dealt  with  in  considerable 
detail,  are  :  General  properties  of  gases,  osmotic  pressure,  permeability  of 
membranes,  the  properties  of  dilute  solutions,  electrolytic  dissociation,  col- 
loidal solutions,  adsorption,  chemical  equilibrium  and  the  law  of  mass  action, 
velocity  of  chemical  reaction,  including  enzyme  action. 

Dr.  Philip  is  heartily  to  be  congratulated  on  the  success  with  which  he 
has  discharged  his  task.  The  exposition  is  so  clear  and  logical  that  the  book 
can  be  read  and  enjoyed  by  a  student  with  a  comparatively  elementary 
knowledge  of  chemistry  and  physics.  The  advanced  student,  on  the  other 
hand,  is  supplied  with  an  accurate  and  thoroughly  up-to-date  account  of  the 
subjects  dealt  with,  and  numerous  references  are  given,  so  that  further 
information  on  a  particular  subject  can  readily  be  obtained. 

In  the  course  of  a  careful  examination  of  the  book  we  have  found  prac- 
tically nothing  that  calls  for  criticism.  In  the  section  on  "  Some  Peculiarities 
of  Enzyme  Action,"  p.  294,  reference  should  have  been  made  to  the  work  of 
C.  S.  Hudson  (from  1908  onwards),  who  has  shown  that  the  work  of  Henri 
and  others  on  the  hydrolysis  of  cane  sugar  by  invertase  is  largely  vitiated  by 
the  mutarotation  of  the  glucose  and  fructose.  This  doubtless  accounts  for 
the  deviation  from  the  law  of  mass  action  illustrated  by  the  example  on 
p.  294,  but  does  not  affect  the  general  conclusion  that  at  least  some  enzyme 
actions  are  abnormal  in  the  sense  indicated,  since  Slator  {Trans.  Chem.  Soc, 
1906,  89,  128)  has  found  by  a  non-polarimetric  method  that  above  a  certain 
concentration  of  glucose  the  rate  of  reaction  is  independent  of  the  glucose 
concentration. 

The  Relations  between  Chemical  Constitution  and  Some 
Physical  Properties.  By  Dr.  Samuel  Smiles.  (London:  Long- 
mans, Green  &  Co.,  1910.     Pp.  xiv  +  583.     Price  14s.) 

The  long-announced  volume  by  Dr.  Smiles  on  the  relationship  between 
physical  properties  and  chemical  constitution  has  now  appeared,  and  forms  a 
Vol    VI.     Parts  2  and  3.  t  16 
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valuable  addition  to  the  well-known  scries  of  text-books  edited  by  Sir  William 
Ramsay.  Certain  branches  of  the  subject,  such  as  the  relation  between 
chemical  constitution  and  optical  rotation,  have  been  dealt  with  in  previous 
volumes  of  the  series,  and  the  present  volume  treats  of  the  following  subjects  : 
Capillarity,  viscosity,  volume  relations,  specific  heat,  fusibility,  boiling-point, 
refractive  and  dispersive  power,  absorption  of  light,  fluorescence,  magnetic 
rotatory  power,  anomalous  electric  absorption.  In  accordance  with 
the  size  and  price  of  the  book,  the  subjects  are  dealt  with  in  considerable 
detail,  and  numerous  long  tables  of  experimental  data  are  quoted  ;  in  fact, 
the  latter  appear  to  contain  nearly  all  the  available  trustworthy  data.  As 
miglit  be  anticipated  from  the  author's  own  field  of  activitv,  the  subject  is 
treated  almost  exclusively  from  the  organic  side.  A  valuable  feature  of  tlie 
book  is  the  indication  of  many  problems  suitable  for  research. 

In  most  respects  the  book  is  very  good.  The  arrangement  is  logical  and 
the  language  clear  and  well  expressed,  so  that  the  author's  expressed  wish  of 
making  it  accessible  to  students  with  an  elementary  knowledge  of  chemistr}^ 
and  general  physics  appears  destined  to  be  realised.  The  information  is 
thoroughly  up  to  date,  and  on  the  whole  the  book  appears  to  represent  the 
present  position  of  each  subject  fairly  well,  although  not  equally  well  in  each 
case.  A  rather  more  critical  attitude  towards  views  which  have  not  yet  met 
with  fairly  general  acceptance  would  have  added  to  the  value  of  the  book. 

In  a  book  covering  such  a  wide  field  there  are  naturally  many  statements 
on  which  opinions  may  differ,  but  space  will  only  admit  of  reference  to  one 
or  two  points.  As  lead  and  certain  other  metals  are  associated  in  the  liquid 
condition  but  are  monatomic  in  solution.  Dr.  Smiles  considers  (p.  27)  that 
mercury  exercises  a  dissociating  effect  on  these  metals.  It  is  at  least  equally 
probable  that  the  observed  effect  is  due  to  the  formation  of  a  compound 
between  the  metal  and  mercury  containing  one  atom  of  the  metal  in  question. 
The  method  of  detecting  the  formation  of  compounds  in  solution  by  viscosity 
measurements  (pp.  77,  529)  is  by  no  means  so  generally  accepted  as  the 
author's  statements  would  lead  one  to  suppose.  Further,  no  indication  is 
given  that  the  Ramsay-Shields  method  of  determining  the  extent  of  the 
molecular  complexity  of  liquids  from  capillarity  measurements  is  in  many 
respects  unsatisfactory,  although  this  was  pointed  out  by  Nernst  and  by  van 
dcr  Waals  long  before  the  recent  discussion  at  the  Faraday  Societ}'. 

The  policy  of  quoting  so  many  tables  of  experimental  data  and  thus  adding 
so  greatly  to  the  size  of  the  book  is  a  somewhat  questionable  one.  Sufficient 
data  must,  of  course,  be  given  to  make  the  subject  intelligible,  but  it  might  be 
contended  that  the  proper  place  for  extended  tables  is  Landolt-Bornstein  or 
other  tables  covering  a  similar  field.  In  this  respect,  and  indeed  with  regard 
to  the  apportionment  of  space  to  subjects  in  general,  there  appears  to  be  a 
want  of  uniformity  in  the  different  books  of  the  series.  The  comparative!}' 
high  price  of  the  book,  due  partly  to  the  causes  just  referred  to,  must  to  some 
extent  militate  against  that  wide  circulation  among  students  which  the  book 
thoroughly  deserves  on  account  of  its  many  merits. 

Qualitative   Chemical   Analysis.      Organic    and    Inorganic.      By 

Dr.   F.   MoLLWo   Perkin.     Third  Edition.     (Longmans,  Green  &   Co., 
1910.     Pp.  xii  +  337.     Price  4s.  6d.) 

This  book  has  met  with  such  wide  acceptance  as  an  introduction  to  quali- 
tative analysis  that  a  detailed  review  is  quite  unnecessary.  Its  chief  merit 
consists  in  the  successful  combination  of  theory  with  practical  work,  and  it 
meets  the  want  frequently  felt  for  a  book  of  convenient  size  containing  the 
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elcmcnls  both  of  inorganic  and  of  organic  chemistry.  The  present  edition 
differs  from  its  predecessors  by  the  addition  of  a  short  section  on  the  rare 
elements  and  a  chapter  on  "ethereal  salts."  The  latter  compounds,  bj'^  the 
way,  arc  not  salts  in  the  sense  in  which  this  term  is  used  throughout  the  book, 
and  the  name  "  esters,"  now  in  general  use  for  this  type  of  compound,  is  much 
to  be  preferred. 

The  Fats.     By  J.  B.  Leathes,   M.A.,   M.B.     (London  :  Longmans,  Green 
cV   Co.     1910.     Pp.   X  +  138.     4s.   net.) 

This  volume  of  the  monographs  on  Biochemistry,  by  one  of  the  best- 
known  workers  on  the  subject,  gives  a  clearly- written  and  well-balanced 
account  of  the  composition,  properties,  and  biological  importance  of  fats. 
The  first  chapter  deals  with  the  substances  that  enter  into  the  composition 
of  fats  and  gives  a  good  idea  of  the  great  number  and  remarkable  complexity 
of  the  members  of  this  group.  The  interesting  fact  is  pointed  out  that  with 
very  few  exceptions,  the  acids  entering  into  the  composition  of  natural  fats 
contain  an  even  number  of  carbon  atoms,  and  are  normal  acids  with  un- 
branched  chains  of  carbon  atoms.  The  second  chapter  deals  with  the 
extraction  of  fat  and  its  estimation  in  animal  tissues,  and  the  third  contains 
an  excellent  summary  of  the  methods  used  in  separating,  identifying,  and 
estimating  the  constituents  of  fats. 

The  fourth,  and  for  the  general  reader  the  most  interesting  chapter,  treats 
of  the  biological  synthesis  and  chemical  oxidation  of  fats  and  the  part  played 
by  fats  in  vital  phenomena.  The  author  considers  that  the  role  of  fats  in 
vital  phenomena  has  been  much  underestimated.  Protein  has  come  to  be 
almost  the  modern  equivalent  for  the  earlier  "  protoplasm,"  but  there  are 
facts  which  seem  to  point  to  some  of  the  fats,  at  any  rate,  as  being  in- 
dispensably built  into  the  most  intimate  structure  of  living  matter.  Fats 
are  also  of  importance  in  connection  with  haemolysis  and  with  Loeb's 
experiments  on  the  fertilisation'  of  sea-urchin's  eggs. 

A  praiseworthy  feature  of  the  book,  which  adds  considerably  to  its 
value,  is  that  although  written  by  a  physiologist,  the  great  advances  in  the 
subject  made  by  technical  and  scientific  chemists  are  fully  treated  of  and 
emphasised.  Another  impression  gained  by  reading  the  book  is  that  from 
the  standpoint  of  biological  chemistry  the  subject  is  in  a  very  backward 
condition  and  presents  a  very  hopeful  field  for  research. 

The  Chemical  Constitution  of  the  Proteins.  By  K.  H.  Adeks 
Plimmer,  D.Sc.  (London  :  Longmans,  Green  &  Co.  Part  I. 
pp.  xii  +  100,   3s.   net  ;   Part   IL,  pp.   xii  +  66,   2S.   6d.   net.) 

This  contribution  to  the  series  of  monographs  on  Biochemistry,  by  one  of 
the  Editors,  deserves  a  cordial  welcome  as  being  practically  the  only  sum- 
mary in  English  of  the  present  position  of  our  knowledge  of  the  proteins. 
The  first  volume  is  divided  into  two  sections,  dealing  respectively  with  the 
chemical  composition  of  the  protein  molecule  and  with  the  chemical  constitu- 
tion of  its  units.  In  the  first  section  the  methods  of  separating  the  components 
of  the  protein  molecule  are  considered,  and  tables  are  appended  giving  the 
relative  proportions  of  these  components  in  the  more  important  animal  and 
vegetable  proteins.  The  second  section  contains  a  very  interesting  historical 
account  of  how  the  constitution  of  the  more  important  constituents  has  been 
established. 

The  second  volume  is  devoted  to  the  consideration  of  the  synthesis  of  the 
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proteins.  As  would  be  anticipated,  it  is  mainly  concerned  with  the  pioneering 
work  of  Emil  Fischer  and  his  pupils,  but  a  good  account  is  given  of  the 
important  investigations  of  Curtius  and  his  co-workers  on  the  linking  of 
amino-acids. 

The  books  contain  a  large  amount  of  well-arranged  information,  and  can 
be  heartily  recommended  not  only  to  the  workers  in  this  field,  but  also  to 
chemists  in  general  as  giving  a  good  account  of  some  of  the  most  conspicuous 
triumphs  gained  in  the  domain  of  pure  organic  chemistry. 

It  is,  however,  to  be  regretted  that  the  author  did  not  succeed  in  bringing 
his  exposition  within  the  limits  of  a  single  volume.  The  text,  which,  in- 
clusive of  the  excellent  bibliograph}^  extends  to  i66  pages,  might  have  been 
reduced  by  judicious  compression  (preferably  in  Section  II.)  to,  say,  130 
pages,  which  is  not  more  tlian  in  some  other  single  volumes  of  the  series, 
with  considerable  gain  in  convenience,  and,  presumably,  some  advantage  to 
the  purchaser  in  the  matter  of  cost. 

A  Manual  of  Practical  Inorganic  Chemistry.  By  A.  M.  Hellas, 
B.Sc.  (Lond.),  Ph.D.  (Heidelberg).  (London  :  Henry  Frowde  and 
Hodder  and  Stoughton,  1910.  Pp.  viii  -f-  347.  Oxford  Medical  Pub- 
lications.    Price  5s.  net). 

The  "  Manual  of  Practical  Inorganic  Chemistry  "  is  intended  specially  for 
the  use  of  medical  and  pharmaceutical  students.  It  starts  from  the  begin- 
ning with  a  telegraphic  summary  of  the  chief  points  of  chemical  theory 
followed  by  directions  for  the  preparation  of  the  commoner  gases,  acids, 
oxides,  &c.  Then  follow  "advanced  preparations"  of  compounds  of  non- 
metals  and  metals.  The  greater  part  of  the  volume  is  occupied  by  analytical 
methods,  qualitative,  gravimetric,  and  volumetric,  with  a  short  chapter  on 
gas  analysis.  The  author  can  scarcely  be  familiar  with  the  Gooch  crucible, 
or  he  would  be  unlikely  to  devote  two  diagrams  and  a  page  of  text  to  the 
tedious  and  difficult  method  of  collecting  and  weighing  precipitates  with  the 
help  of  a  filter-paper — a  method  which  the  introduction  of  the  porcelain  Gooch 
crucible  has  fortunately  rendered  obsolete  even  in  the  case  of  elementary 
students.  In  the  hands  of  the  author's  own  students  the  "  Manual "  would 
undoubtedly  be  of  great  value  ;  how  far  other  teachers  would  find  it  con- 
venient to  make  use  of  it  in  their  classes  would  depend  very  largely  on  the 
similarity  or  otherwise  of  the  courses  of  instruction  adopted.  Its  main 
purpose  is  to  relieve  the  teacher  from  the  necessity  of  describing  in  lectures 
the  practical  details  of  laboratory  work,  and  to  avoid  the  trouble  of  repeated 
explanation  in  the  case  of  backward  students  or  those  entering  after  the  course 
of  instruction  has  commenced. 

A  Treatise  on  Electrometallurgy.  By  Walter  G.  McMillan,  F.I.C, 
M.I.M.M.  Third  edition,  revised  and  enlarged  by  W.  R.  Cooper,  M.A., 
B.Sc,  A.  I.e.  (London  :  Charles  Griffin  &  Co.,  Ltd.,  Exeter  Street, 
Strand,  1910.     Pp.  425.     Price  12s.  6d.  net.) 

Mr.  Cooper  has  done  good  service  in  revising  and  bringing  up-to-date  the 
late  Mr.  McMillan's  popular  and  useful  Treatise  on  Electrometallurgy.  It 
is  unnecessary  here  to  dwell  at  all  on  any  of  the  special  features  of  so  well 
known  a  book  as  this,  apart  from  drawing  attention  to  the  alterations  made 
by  Mr.  Cooper  in  the  present  edition. 

The  early  editions  dealt  with  electroplating  and  electrodeposition,  rather 
than  with  electrometallurgy  in  the  modern  sense  of  the  term,  and  the  treatment 
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of  the  former  subjects,  therefore,  subject  to  iniuor  revisions,  remains  much  as  it 
was  before.  The  present  editor  has  wisely  omitted  much  of  the  matter 
deaUng  with  dynamos,  as  this  is  readily  available  elsewhere.  We  would 
suggest  that  in  future  editions  he  goes  further  still  and  deletes  many,  if  not 
all,  of  the  sections  in  Chapter  II.  on  theoretical  chemistry,  wliich  are  equally 
available  elsewhere,  and  which  a  student  coming  to  such  a  book  as  this 
should  certainly  be  acquainted  with  already.  Some  of  the  historical  matter 
(not  that  in  Chapter  I.,  which  is  quite  interesting)  might  also  be  deleted  with 
advantage,  e.g.,  an  analysis  given  on  p.  132  of  some  copper  slime  obtained  in 
1848,  might  surely  be  replaced  by  more  modern  figures. 

The  Tables  of  von  Hiibl  given  on  pp.  133  and  134,  giving  the  properties 
of  copper  deposited  under  various  conditions,  are  more  or  less  useless  in 
practice.  The  whole  question  is  much  more  complicated  than  would  appear, 
and  the  mechanical  properties  of  deposits  depend  largely  on  the  physical  as 
well  as  the  chemical  condition  of  the  electrolytes — on  the  amount  of  agitation, 
aeration,  on  temperature,  and  so  forth.  The  Tables  combine  together 
acidities  varying  from  2  to  8  per  cent.,  whereas  sometimes  a  difference  of 
■g-  per  cent,  will  make  all  the  difference  between  good  and  indifferent  results. 
This  point  is  simply  raised  as  giving  an  illustration  of  the  difficulties  inherent 
in  making  a  book  of  this  kind  of  practical  value  to  industry.  Mr.  Cooper 
in  his  Preface  states  that  electrodeposition  has  not  made  any  marked  advance 
during  the  last  few  years.  This  is  unfortunately  the  case,  but  there  is  vast 
room  for  advance,  and  the  pity  is  that  those  engaged  in  the  practical  work 
have  not  as  yet  the  scientific  equipment  for  making  improvements  follow  the 
lines  of  advance  in  abstract  phj'sical  chemistry. 

In  the  latter  portion  of  the  book,  notably  Chapter  XV.,  dealing  with 
the  electrometallurgical  extraction  and  refining  of  metals,  Mr.  Cooper  has 
naturally  a  great  deal  to  add  to  what  was  known  in  the  days  of  the  previous 
editions ;  and  although  the  treatment  here  is  highly  condensed — there  are 
now  rival  works  in  this  field — it  well  indicates  at  a  glance  the  present 
position  and  was  well  up-to-date  at  the  time  of  publication.  The  section 
on  Iron  and  Steel  is,  of  course,  entirely  new. 

There  is  one  somewhat  grave  fault  that  should  be  remedied  in  future 
editions ;  namely,  the  complete  absence  throughout  the  book  of  references 
to  original  Papers.  The  inclusion  of  these  would  go  far  to  remedy  the 
unavoidable  omissions  in  a  practical  work  of  this  kind,  and  would  render  it, 
even  more  than  it  is  at  present,  an  indispensable  handbook  for  all  those  who 
are  engaged  upon  or  interested  in  electrodeposition  or  electrometallurgy, 
containing  a  fund  of  information,  of  a  most  varied  kind,  that  is  not  easily 
obtainable  elsewhere. 

The  Life  of  'William  Thomson,  Baron  Kelvin  of  Largs.  By 
SiLVAxrs  P.  Thompson-,  F.R.S.  (London  :  Macmillan  &  Co.,  1910. 
In  two  volumes.     Pp.  1297,  with  16  plates.     Price  30s.  net.) 

This  is  the  "  official"  life  of  the  late  Lord  Kelvin,  and  a  worthy  literary 
monument  it  is,  indeed,  to  the  great  leader  whose  conceptions  and  whose 
work  have  dominated  physical  science  for  the  past  half-century.  Even  if  the 
vast  amount  of  material  with  which  the  author  has  had  to  deal  had  merely 
been  laid  before  us  without  any  attempt  at  arrangement  or  selection,  the 
story  of  the  life-work  of  such  a  man  as  Lord  Kelvin  must  still  have  been  a 
study  of  profound  concern  to  every  student  of  science.  But  Professor 
Thompson  has  handled  his  subject  with  consummate  skill  as  well  as  with 
exhaustive  thoroughness— with  intimate  knowiedge,  it  is  unnecessary  to  add 
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— and  the  result  is  a  biography  that  in  this  particular  field  probably  has  no 
parallel  for  its  absorbing  interest  and  its  stimulating  instructiveness.  Nothing 
less  than  a  biography  of  the  stately  dimensions  of  the  one  before  us  could 
possibly  have  done  justice  to  the  record  of  an  epoch  in  scientific  discovery 
— for  Lord  Kelvin's  life  was  truly  an  epoch — extending  in  time  for  sixty-seven 
years  (his  66i  Papers  cover  the  period  1841-1908),  and  in  range  over  every 
one  of  the  great  branches  of  physical  science  :  dynamics,  astronomy,  heat, 
light,  electricity,  magnetism,  engineering ;  of  him  it  may  be  truly  said.  Nihil 
tetigit  qitod  iion  oniavit. 

It  would  be  impossible  here  to  give  anything  like  an  adequate  description 
of  Professor  Thompson's  comprehensive  biography,  but  one  point  should  not 
pass  unnoticed  in  a  review  in  these  pages.  Practically  the  last  office  which 
Lord  Kelvin  assumed  was  the  presidency  of  the  Faraday  Society,  which  he 
held  in  succession  to  Sir  Joseph  Swan  from  1905  to  1907  (Vol.  II.,  p.  1222), 
and  although  his  great  age  and  failing  health  made  it  impossible  for  him  to 
take  an  active  part  in  the  work  of  the  Society,  yet  he  took  the  very  keenest 
interest  in  its  doings,  on  one  occasion  even  presiding  at  one  of  the  Ordinary 
Meetings,  and  to  the  end  the  Society  had  among  its  members  none  more 
sincerely  anxious  for  its  welfare  and  success. 

Of  no  one  who  reverences  the  memory  of  this  great  master  should  it  be  said 
that  he  has  not  read  the  record  of  his  simple,  noble  life,  so  whole-heartedly 
devoted  to  the  pursuit  of  truth,  and  crowned  by  such  unsurpassed  triumphs 
in  the  fields  of  discovery  and  invention  ;  for  it  is  a  life  that  cannot  fail  to  be  a 
source  of  inspiration  to  even  the  humblest  camp-follower  in  the  "armies  of 
knowledge  "  in  their  never-ending  conflict  against  ignorance  and  darkness. 

The  Theory  of  Ionization  of  Gases  by  Collision.  By  Johx  S. 
TowNSEND,  M.A.,  F.R.S.  (London  :  Constable  &  Co.,  Ltd.,  10  Orange 
Street,  W.C,  1910.     Pp.  88.     Price  3s.  6d.  net.) 

Professor  Townsend  is  the  author  of  the  well-known  theory  of  ionisation 
of  gases  by  collision,  and  he  gives  us  in  this  little  volume  a  very  clear  and 
readable  account  of  the  theory  and  its  consequences,  condensed  from  the 
various  papers  he  has  published  on  the  subject  within  the  past  few^  years. 

Experimental   Applied    Mechanics   for   Technical    Students.     By 

James   L.    Maxim,   B.Sc,    F.G.S.     (London  :    Longmans,  Green   &  Co., 
39,   Paternoster   Row,   1910.     Pp.   176.     Price  2S.  net.) 

This  is  a  very  carefully  compiled  laboratory  handbook  based  on  the 
revised  Syllabus  of  Applied  Mechanics  issued  by  the  Board  of  Education, 
and  will  be  found  useful  by  student  and  demonstrator  alike,  on  the  assumption 
that  no  rational  human  being  nowadays  either  teaches  or  learns  mechanics 
divorced  from  experimental  work.  An  attractive  feature  of  the  little  book 
is  the  way  in  which  the  subject  is  kept  in  close  touch  with  appliances  or 
instruments  used  in  real  life. 
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